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ABSTRACT
The primary exposure route for freshwater fish to polychlorinated biphenyls 
(PCBs) is through the dietary acquisition and assimilation of energy as dictated by 
species bioenergetics. As such, this thesis provides an important progression for 
understanding PCB accumulation in freshwater fish using the basic principles of fisheries 
bioenergetics.
The first study investigated the relationships between PCB accumulation and 
stable nitrogen isotopes (815N) in rock bass (Ambloplites rupestris) and bluegill sunfish 
(Lepomis macrochirus) with respect to age, size, and diet. 815N signatures in both species 
exhibited enrichment with increasing size and approached steady state with respect to 
dietary 815N values by the second year of growth. PCB accumulation in both species 
progressed from being dominated by uptake from water in small (<100 g) fish to dietary 
uptake in larger individuals as regulated by the bioenergetic constraints of food energy 
conversion and contaminant assimilation efficiencies. This study concluded that growth- 
related changes in species bioenergetics regulated both contaminant accumulation and 
815N dynamics.
The aim of the second study was to use PC B toxicokinetics to describe 
bioenergetic processes in fish. PCB elimination rates calculated for Lake Ontario lake 
trout (Salvelinus namaycush) were found to describe lipid turnover and energy 
conversion efficiencies in this species. These results indicate that PCB kinetics act as in 
situ markers of bioenergetic processes reflecting the energetic consequences o f a predator 
tracking and capturing prey in its natural habitat.
The last two chapters investigated the significance of water temperature and body 
size on PCB elimination in yellow perch {PereaJlavescens), respectively. During an
iii
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annual temperature cycle characteristic of north temperate latitudes, significant PCB
elimination in juvenile yellow perch ( x = 10.1 g) occurred during the warm water 
seasons only with negligible elimination observed during the overwinter period. Medium
(x = 45.9 g) and large ( x = 86.7 g) size perch exhibited minimal PCB elimination, 
regardless of water temperature.
The results of this thesis demonstrate that PCB kinetics in freshwater fish reflect 
age, size, and temperature dependent changes in species bioenergetics and that food-web 
biomagnification is due to the allometry of species bioenergetics and the length of the 
overwinter period.
iv
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Chapter 1.0 GENERAL INTRODUCTION
The consideration of energy as the common currency of food-webs provides a 
mechanism for characterizing the importance of the various trophic links within a food- 
web (Odum 1968). Tracking the fate of energy within and among such links, however, 
has proven difficult as the efficiency of energy acquisition and assimilation is manifested 
in species growth rates which can be highly variable within and between populations. 
Growth also represents surplus energy remaining after all metabolic costs associated with 
respiration and energy lost in wastes are accounted for. Fisheries bioenergetics models 
provide the mathematical formulations describing the physiological fate of consumed 
energy into the pathways of growth, respiration and metabolic waste products (Ney 
1993). Their primary application has been for the prediction of prey consumption and 
providing estimates of fish growth based on prey availability and water temperature (Ney 
1993). Consumption, however, represents not only the path of energy flow into an 
individual or managed stock, it also constitutes the primary mechanism of chemical 
exposure in fish (Russell et al. 1999). In this manner, fish bioenergetics and chemical 
accumulation models are based on the common premise of predicting dietary 
accumulation processes. For the former, predicting the acquisition of energy in the form 
of somatic growth is the primary aim whereas for the latter, estimating the extent of 
chemical pollutant accumulated from food is the principal application. Under such an 
analogy, chemical concentrations measured in fish species provide an index of energy 
acquisition and assimilation by an individual. By comparing these modeling frameworks, 
an understanding of how these two paradigms can be integrated to better describe the 
behaviour and fate chemicals in aquatic food-webs will be achieved.
1
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1.1 Bioenergetics Modeling
Winberg (1956) mathematically derived the original mass balance equation 
describing the fate of consumed energy into three basic energetic expenditures:
C = G + R + W ( 1.1)
where the sum total of consumed energy (Q  is allocated towards growth (G), and that 
lost to metabolic costs (R) and waste products (W). Winberg (1956) further expanded the 
energetic costs of metabolism into that required for activity (Ra), food digestion (Rd), and 
resting or basal metabolism (Rm). Metabolic costs incurred for the digestion of food are 
defined as specific dynamic action, or the heat increment, and include the energy required 
for protein metabolism, mechanical digestion, assimilation and storage (Jobling 1985). 
Modeling waste as the sum of unassimilated energy egested in feces (F) and excreted in 
nitrogenous wastes (E) results in the expansion of the original bioenergetics equation 
into:
Winberg (1956) represented growth (G tot) as a single energetic expense combined as the 
sum total of somatic and gonadal growth, parameters that become increasingly important 
when simulating individual or population growth through a reproductive event or for an 
extended duration (Henderson et al. 2000). Ensuing bioenergetics models (eg. Kitchell et 
al. 1977; Stewart et al. 1983; Hewett and Johnson 1992) developed from this basic
C — Gtot + Rg + R^ + Rp + F  + E (1.2)
2
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relation continue to build on this foundation with empirical data and experimental studies 
completed to parameterize the solution of the model.
Water temperature and body size are the two most important variables influencing 
bioenergetics model predictions (Kitchell et al. 1977) and the formulas describing the 
components of the models suitably reflect these considerations. The bioenergetics 
expression in eq. 1.2 is typically solved for growth with the combined energetic expenses 
of metabolism and that lost through egestion and excretion subtracted from consumption. 
Consumption rates (g-g'1-d'1) are modeled as a function of the maximum weight specific 
consumption rate (Cmax) as influenced by water temperature (rc) and ration (P):
C = Cmax-P-rc (1.3)
Maximum weight specific consumption rate is described by the allometric relation:
Cm^ = a lBW t' (1.4)
where the intercept and slope for the body weight (BW) dependence of maximum 
consumption are defined by aj and bj, respectively (Kitchell et al. 1977). The ration (P) 
is a proportionality constant ranging from 0 -  1. The temperature dependence of 
consumption (rc) is also a proportional adjustment ( 0 - 1 )  defined as:
rc =(Vx)-ex(]-y) (1.5)
3
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The temperature dependence of consumption relies on three specific values of biological 
significance (Kitchell et al .1977); the slope for temperature dependence of consumption 
( 0 ,  and the maximal (Tm) and optimal (T0) temperatures for consumption. For water 
temperatures at or near the species optimum, the value of the temperature dependent 
adjustment term approaches the maximum of 1 declining quickly as temperatures rise to 
the species limit (Kitchell et al. 1977). Expanding on the relation in eq. 1.5 describes the 
terms for the temperature dependence function.
T - T
r  = -= ------ (1.6)m  rp  v s
m O
s 2( i+ (V i+ 4 0 /y ) ) 2
400
(1.7)
S = {\nQ)-(Tm - T 0) (1.8)
Y = ( l n 0  • (Tm -  T0 +2) (1.9)
where T is the ambient water temperature and S  and Y describe the algorithms for the 
proportional dependence of consumption on water temperatures in the thermal range 
between optimal and maximal and on water temperatures beyond the range between 
optimal and maximal, respectively. Equation 1.7 represents the integrated response for 
the proportional dependence of consumption on temperature for the preferred thermal 
range for the species under study.
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Respiration rate (g-g'I-d‘1) is modeled in a similar manner as consumption but 
must include terms for the energetics of activity metabolism (A) and specific dynamic 
action (SDA) in addition to the dependence of respiration on water temperature (rr) and 
body size:
R = Rm3X-A-rr +SDA (1.10)
The maximum weight specific respiration rate (Rmax) is also an allometric function but 
with independent values for the intercept {a2 ) and slope (b2) of the relationship:
Rmax= a 2BWb> (1.11)
Specific dynamic action is modeled as a proportion of consumption and activity specifies 
respiration rates above standard levels (Kitchell et al. 1977). The temperature dependent 
adjustment of respiration is that outlined in eq. 1.5 but with respiration specific values for 
Tm, T0  and Q.
Fecal egestion and excretion rates (g-g'l-d'1) are both modeled similarly as 
functions of feeding rate and water temperature:
E ,F  = CaTperP (1.12)
where C, T, and P are as previously defined and with values for the coefficients of a, /?, 
and y specific for fecal egestion or excretion (Kitchell et al. 1977).
5
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1.2 Polychlorinated Biphenyls
Polychlorinated biphenyls (PCBs) are the most appropriate xenobiotic chemicals 
to apply the principles of fisheries bioenergetics to better understand their behaviour in 
aquatic biota. PCBs were developed for industrial applications requiring specific 
properties including resistance to chemical, thermal and biological breakdown thus 
rendering PCBs to be extremely stable and persistent compounds. A possible 209 
individual PCB congeners exist having 1 to 10 chlorine substituents with industrial 
mixtures typically consisting of 60 -  70 congeners. Importantly, individual PCB 
congeners display a wide range of physico-chemical properties including a multiple order 
of magnitude range in chemical hydrophibicity (Hawker and Connell 1988). As a result 
of this physical property, the primary matrix where PCBs accumulate in biological 
organisms is in the lipid fraction (Mackay 1979; Drouillard et al. 2004). In freshwater 
food-webs, lipids are the primary energy source with negligible dietary energy derived 
through carbohydrate food sources (Garciagallego et al. 1995). Thus, bioenergetic models 
and PCBs specifically track the fate of this energetic matrix. Most importantly, PCBs are 
passively accumulated through food consumption and are thus excellent candidates for 
use as energetic tracers in aquatic food-webs.
Although their manufacture ceased in 1977, PCBs are globally ubiquitous 
pollutants present at detectable concentrations in most biota (Safe 1994). In aquatic food- 
webs, however, the phenomenon of chemical biomagnification has been observed for 
PCBs whereby chemical potential achieved in an animal is greater than that realized by 
its prey and ambient environment (Connolly and Pederson 1988; Gobas et al. 1999). For 
this to occur, the mass of chemical assimilated from the diet must be far greater than that
6
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eliminated through the combined mechanisms of growth dilution, fecal egestion, and 
respiratory losses as outlined in eq. 1.1. This indicates that kinetic models based on 
bioenergetic principals could provide a novel interpretation of bioaccumulation trends in 
freshwater biota.
1.3 Bioenergetics-Based Fugacity Model
Chemical kinetics such as elimination rates have been used in the development of 
toxicokinetic models in order to predict the movement of chemicals within species and 
among trophic levels (de Freitas and Norstrom 1974; Campfens and Mackay 1997; 
Morrison et al. 1997). Previous toxicokinetic models predict that whole body 
elimination rates are represented by the combined processes o f respiration, growth, and 
fecal egestion (Connolly and Pedersen 1988; Clark et al. 1990; Sijm et al. 1992) and 
bioenergetic models have been developed to predict these biological rates for a variety of 
species. This information suggests that the depuration of a chemical dose can be 
modeled in a fish species using a basic elimination model as a function of the 
bioenergetic processes outlined above.
With the tendency to accumulate in the lipid phase of animals, PCB 
concentrations in animals are best expressed on a lipid normalized basis. The lipid 
content of an animal describes its capacity to accumulate chemical residues and the use of 
fugacity modeling has proven useful for describing chemical accumulation in freshwater 
biota (Mackay and Paterson 1981). Fugacity is a measure of pressure (Pascals -  Pa) and 
describes the tendency or escaping potential of a chemical to partition from one
7
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biological phase into another (Mackay 1979). Mathematically, chemical fugacity (/) is 
calculated as outlined in eq. 1.13:
/ - y  (1.13)
where Q, is the chemical concentration in the animal (mol-m'3) and Z (mol-m^-Pa'1) is the 
fugacity capacity of that organism to contain the chemical which is effectively described 
by the lipid content (Mackay 1981). Traditional elimination experiments commonly 
involve dosing an animal either through spiked food or somatic injection and allowing 
the animal to depurate the dose in a clean environment (eg. Guiney and Peterson 1980; 
Niimi and Oliver 1983 ; Delorme et al. 1993). A general model for the elimination of a 
chemical from an organism can be described as outlined in eq. 1.14 (Barron et al. 1990):
Cm =C 0 - e " k (1-14)
such that the concentration of the chemical in the animal at time t past exposure (C^y) is
a function of the initial chemical dose (Co), and the rate constant describing the
elimination of the chemical (k; d '1). As outlined above, reductions in the chemical body 
burden are considered to be facilitated through the bioenergetic processes of growth (G), 
respiration (R), and waste losses via fecal egestion (W). In this manner, the inclusion of 
the bioenergetics terms results in the elimination model:
8
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r  - r  0 -hg+r+w)
b(t)  ~  '-'0 e (1.15)
The substitution of this bioenergetics-based expression for chemical elimination into the 
original fugacity expression (eq. 1.13) integrates the concepts of bioenergetics and 
fugacity based modeling.
r  - t ( G+R+W)
  0-16)
For biological samples, the fugacity capacity can be calculated from the lipid content of 
the animal, the octanol water partition coefficient {Kow\ unitless), and the Henry’s law 
constant of the chemical (H; Pa-m^mof1)
z  (Upidnoo)-Kow 
H
The model in eq. 1.17 demonstrates that chemical concentrations in aquatic biota can be 
expressed in terms of species bioenergetics. For poikilothermic species such as 
freshwater fish, individuals will experience seasonal changes in temperature that will 
dramatically influence species bioenergetics and thus chemical dynamics within the 
organism. With their inherent biological and chemical stability and tendency to remain 
primarily in the lipid phase of organisms, PCB concentrations and kinetics in biota should 
therefore appropriately reflect the acquisition, assimilation and trophic transfer of energy 
in aquatic food-webs as described by species bioenergetic models.
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1.4 Thesis Objectives and Outline
The objectives of this thesis were to apply the principles and foundations of 
fisheries bioenergetics toward interpreting PCBs concentrations and kinetics in aquatic 
biota as a manifestation of biological processes including energy acquisition, assimilation 
and growth efficiency. This was completed by investigating PCB congener 
concentrations and their elimination kinetics in a variety o f freshwater fish species 
including rock bass (Ambloplites rupestris), bluegill sunfish (Lepomis macrochirus), lake 
trout (Salvelinus namaycush), and yellow perch (Perea flavescens). The testable 
hypotheses included:
1) PCBs are better indicators of species bioenergetics than are other potential
ecological tracers such as the stable isotope of nitrogen (8I5N).
Recent studies have demonstrated that 815M signatures measured in biota collected 
from aquatic food-webs are positively correlated with concentrations of persistent 
organic pollutants such as PCBs (Cabana and Rasmussen 1994; Kidd et al. 1995; 
Kiriluk et al. 1995) indicating that this ecological marker may serve as an 
indicator of species bioenergetics as proposed for PCBs. This hypothesis was 
tested in chapter 2.0 by measuring PCB concentrations and S15N signatures in 
rock bass and bluegill sunfish. Previously established PCB and stable isotope 
kinetic models were used to predict patterns in PCB accumulation and isotope 
enrichment in relation to changes in fish size, age, growth rate, and diet.
10
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2) PCB accumulation will transition from water based bioconcentration kinetics to a
dietary, bioaccumulation process due to ontogenetic-related changes in species 
growth rates.
High growth rates for small, juvenile fish are predicted to result in very low 
chemical accumulation rates for these individuals (Sijm et al. 1992). For larger, 
older fish, PCB elimination due to growth dilution is minimal and chemicals are 
predicted to biomagnify to a higher degree (Sijm et al. 1992). This hypothesis was 
also tested in Chapter 2.0 by examining ontogenetic related-changes in diet, PCB 
accumulation and growth rates in multiple age classes of rock bass and bluegill 
sunfish.
3) PCB elimination kinetics will describe bioenergetic processes in fish.
This hypothesis was tested in Chapter 3.0 by comparing long-term PCB 
elimination rates in Lake Ontario lake trout against a bioenergetic model 
describing energy conversion efficiencies and turnover in this species (He and 
Stewart 1998).
A second purpose of this study was to examine the significance of both water temperature 
and body size on PCB elimination in a fish species. For poikilotherms, changes in water 
temperature are vital for understanding species bioenergetics and the allometry of 
bioenergetic rates such as consumption and respiration were described in section 1.1.
11
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Therefore, temperature and body size related changes in PCB elimination kinetics are 
predicted to reflect the significance of these two variables on species bioenergetic rates. 
The specific hypotheses tested in this experimental section include:
1) PCB elimination kinetics will track water temperature induced changes in species 
bioenergetic rates over an annual temperature cycle.
This hypothesis was tested in Chapter 4.0 by dosing juvenile yellow perch with a 
PCB mixture and allowing the fish to depurate the dose over a 1 year period under 
ambient environmental conditions. PCB elimination kinetics were then compared 
to model predictions for juvenile yellow perch bioenergetics during an annual 
temperature cycle.
2) PCB elimination kinetics will describe body size related changes in species 
bioenergetics.
This hypothesis was tested in Chapter 5.0 by dosing three sizes of yellow perch 
with a PCB mixture and allowing the fish to depurate the dose over a 1 year 
period under ambient environmental conditions. PCB elimination rates for the 
three perch size classes were then evaluated against model predictions of perch 
bioenergetics for each size class during this time frame.
12
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Chapter 2.0 AN EVALUATION OF STABLE NITROGEN ISOTOPES AND 
POLYCHLORINATED BIPHENYLS AS BIOENERGETIC TRACERS IN
AQUATIC SYSTEMS.
2.1 Introduction
Stable nitrogen isotope signatures (815N) reflect the proportion of assimilated prey 
ingested over a period of time (Minagawa and Wada 1984) and therefore represent time- 
integrated measures of feeding relationships (Cabana and Rasmussen 1994). The 
establishment of animal trophic position and prey item proportions from 815N measured 
in multiple species sampled from a food-web relies on the use of mixing models which 
generally assume that animal tissues are in steady state with their diet at the time of 
sampling (Ben-David and Schell 2001). Failure of this assumption, as will occur if an 
organism is sampled after a recent diet shift, can result in incorrect assignment of prey 
items and animal trophic position. Testing the steady state assumption remains difficult 
because few kinetic studies have been conducted to determine the time required for stable 
isotopes in different species of fish, or within different tissues of a fish, to achieve steady 
state following diet shifts (Gannes et al. 1997; Olive et al. 2003).
Enrichment of 15N within fish tissues over that of its diet arises due to the slightly 
greater retention of the heavier isotope over the lighter one (14N) during nutrient 
assimilation and protein catabolism to produce steady state 81SN ratios in organism 
tissues that are approximately 3.4%o higher than the diet (Minagawa and Wada 1984). 
Studies have demonstrated protein catabolism during starvation to enrich 815N (Hobson et 
al. 1993; Doucett et al. 1999) and recent kinetic models for stable isotopes have 
recognized separate assimilation and catabolism fractionation reactions to occur (Olive et 
al. 2003). If the mechanisms of isotope fractionation differ between nitrogen
16
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assimilation/protein anabolism and protein catabolism, then the magnitude of the steady 
state enrichment factor may differ between organisms exhibiting rapid growth (i.e., 
fractionation proceeding mainly by the assimilation/anabolic pathway) compared to 
animals approaching maintenance growth (i.e., fractionation proceeding mainly by the 
catabolic pathway). Models of this type predict changes in both the time to steady state 
and the magnitude of the trophic enrichment factor as a function of animal growth rates 
(Olive et al. 2003). The basis of the trophic enrichment factor of 3.4%o remains an 
empirical observation (Olive et al. 2003) and little is understood about the actual 
metabolic pathways governing 1SN fractionation or how the kinetics of the fractionation 
process varies during protein synthesis and catabolism of individual proteins and tissues 
(Gannes et al. 1997).
Despite the above uncertainties, the more common modeling approach for stable 
isotopes assume trophic enrichment rates remain constant and changes in isotope 
signatures due to diet shifts can be modeled as a function of growth rates and metabolic 
tissue replacement as outlined by Hesslein et al. (1993) below.
Q (0 = C „ + (C „ -C „ )-e-<**"»'' (2.1)
This model assumes that, prior to a diet shift, isotope signatures in the animal have 
reached steady state with respect to the signature of the old diet (C0). However, the time 
required for tissues to reach steady state with the new diet (C„) is driven by growth rates 
(g day'1) and metabolic tissue turnover (m day'1) (Hesslein et al. 1993). Under this 
consideration, eq. 2.1 can be modified to reflect such kinetics.
17
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C m  =Ce w +(CS(tl) (2 .2)
Equation 2.2 now accounts for deviations between stable isotope signatures realized in 
fish tissues at time (t) following a diet shift ( Q ^ )  from the steady state value ( Q f Ssj) that 
result from a failure of the organism to achieve steady state with the new diet at the time 
of sampling. For the stable isotope of nitrogen, the value for Cs(SSj is estimated using the 
empirical trophic enrichment factor of 3.4%o for (i.e., 3.4 + C6 (diet)\ Minagawa and Wada 
1984). Thus, the Hesslein et al. (1993) model can be expressed as;
c « o  = Cm  + [(£K + CHiuo -  CSM)] • (2.3)
where ER is the enrichment rate of 3.4%o expected for 815N and Cs(dtet) is the average 515N 
signature of the diet. The model suggests stable isotope kinetics to be driven by specific 
growth rates and will be maximized in rapidly growing animals (Hesslein et al. 1993). In 
contrast, fish that are approaching their maximum size exhibit slow growth and protein 
synthesis rates, with much of the amino acid pool supplied by metabolic turnover. 
According to the Hesslein et al. (1993) model, 8I5N signatures in these animals may take 
years to achieve steady state (Cs(SS)) following a diet shift.
Several studies have demonstrated strong correlations between 815N and persistent 
organic pollutant (POP) bioaccumulation within aquatic food-webs (Cabana and 
Rasmussen 1994; Kidd et al. 1995; Kiriluk et al. 1995). As with stable isotopes, POPs 
can be accumulated in fish from food (Russell et al. 1999) and therefore may also serve
18
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as tracers of trophic structure (Rasmussen et al 1990; Haffner et al. 1994) and animal 
bioenergetics when dietary uptake dominates the contaminant exposure pathway 
(Madenjian et al. 1998; Paterson et al. 2005). Unlike stable isotopes, the mechanisms 
describing bioaccumulation kinetics for hydrophobic organic contaminants such as PCBs 
and dichlorodiphenyltrichlorethane (DDT) have been better defined experimentally. 
Contaminant bioaccumulation is primarily a function of the differences in the relative 
partitioning capacity among the animal, water and its food and limitations in diffusion 
kinetics of chemical exchange across gill surfaces and between the animal and its 
gastrointestinal contents (Gobas et al. 1993). The «-octanol-water partition coefficient 
(Kow) provides a surrogate measure of chemical hydrophobicity and has been shown to be 
an important predictor of bioaccumulation potential for POPs (Mackay 1982). In aquatic 
organisms, the primary route of exposure for less hydrophobic pollutants of log Kow < 5 is 
across the skin or gills (bioconcentration) (Clark et al. 1990). For more hydrophobic 
contaminants of log Kow ~5 - 7, uptake from food becomes the dominant path of exposure 
in larger, slow growing animals (Thomann et al. 1992). For POPs, the degree of 
bioaccumulation and time to steady state are controlled by the kinetics of elimination 
(Morrison et al. 1999) with the higher log Kow chemicals often demonstrating the 
phenomenon of biomagnification whereby the chemical potential in the animal exceeds 
that of its food or environment (Connolly and Pedersen 1988; Gobas et al. 1993). These 
more hydrophobic contaminants also demonstrate food-web biomagnification where 
chemical potentials, approximated by expressing chemical concentrations on a lipid 
weight basis (Connolly and Pedersen 1988), exhibit average trophic enrichment on the 
order of 3 - 5 for each trophic position (Oliver and Niimi 1988). POP trophic enrichment
19
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factors have been mechanistically described as a function of changes in the volume and 
partition capacity of food along the gastrointestinal tract during digestion and 
assimilation (Gobas et al. 1988, 1993,1999).
Empirically based kinetic models of POP accumulation are similar in structure to 
those for stable isotopes. A general model for contaminant uptake from water and food is 
described in eq. 2.4:
where contaminant accumulation at time (/) following exposure (Corg(ti) is a function of 
the initial burden (Corg(0j) and chemical accumulation from water (k/-Cw) and food 
(ka'Cfood) with growth dilution (kg) and chemical elimination (k2) representing depuration 
kinetics (Mackay 1982; Morrison et al. 1997). Laboratory data has demonstrated that this 
model can be further simplified to include only water as an exposure route for chemicals 
having log Kow in the range of 3 - 5 (Clark et al. 1990). For low Kow chemicals, 
bioaccumulation is predicted according to:
Comm H B C F  C ,  (2.5)
where the bioconcentration factor (BCF) is the ratio ki/(k2 +kg). For chemicals of log Kow 
> ~ 5.5, dietary uptake dominates the exposure pathway (Thomann et al. 1992) and the
20
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ratio kc/k2 +kg defines the biomagnification factor (BMF) allowing simplification of eq.
2.4 to:
C„sV) = CorgM+(BM F-Cfacll- C orgM)-(  l - e - K W '1) (2.6)
When modeling POPs it is important to distinguish between the contribution of 
the bioconcentration and biomagnification, as only the latter provides information 
regarding animal trophic position. Similar to stable isotopes, the time to steady state, for 
both bioconcentration and biomagnification, is a function of organism bioenergetics and 
growth rates. At steady state, chemical uptake from food and water is balanced by 
elimination through fecal egestion, metabolic transformation and losses across respiratory 
surfaces in addition to growth dilution (Morrison et al. 1997). Growth (Moreau 1987) 
and chemical elimination rates (Trudel and Rasmussen 1997) are negatively correlated 
with body size and therefore extended time frames are predicted for large, slow growing 
animals to achieve steady state. Additionally, the transition in chemical accumulation 
from bioconcentration to biomagnification kinetics in such organisms will depend on 
body mass such that larger animals are predicted to biomagnify chemicals of lower log 
Kow than smaller, rapidly growing species with relatively higher k, 2  and kg rate constants. 
For stable isotopes, however, high growth rates are hypothesized to stimulate faster 
isotope accumulation kinetics (Hesslein et al. 1993). Therefore, stable isotopes and POPs 
are independent measures of ecological structure but the mechanisms regulating tissue 
retention and elimination differ substantially for these ecological descriptors.
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Under these considerations, combined studies on contaminant and stable isotope 
accumulation will provide improved confidence in model assigned trophic positioning of 
organisms within a given food-web, particularly when organisms are subject to omnivory 
(Vander Zanden et al. 2000) or have recently exhibited ontogenetic diet shifts. Studying 
stable isotope and POP accumulation in early and juvenile life stages of fish provides an 
ideal system to test these relationships because of the tendency of fish to undergo both 
ontogenetic diet shifts and substantial changes in growth rates during this life history 
period (Werner and Gilliam 1984; Mittelbach and Persson 1998).
In this study, rock bass (Ambloplites rupestris) and bluegill sunfish (Lepomis 
macrochirus) were collected from the Detroit River in order to quantify ontogenetic 
related changes in stable isotope enrichment and chemical accumulation. The objectives 
of this study are to (i) quantify relationships between chemical accumulation and stable 
isotope enrichment as functions of ontogenetic diet shifts and growth and, (ii) to compare 
chemical concentrations in small, rapidly growing fish with those in larger, older 
individuals to determine the body size at which chemical accumulation kinetics switch 
from water based bioconcentration kinetics to a dietary, bioaccumulation uptake process.
2.2 Materials and Methods
Rock bass and bluegill sunfish were collected using a benthic trawl net towed 
behind a research vessel near the confluence of Lake St. Clair and the Detroit River in 
October of 2001. Specimens for chemical and stable isotope analyses were wrapped in 
solvent (hexane) rinsed aluminum foil, stored at 4°C and transported to the laboratory for 
collection of biological data. Upon return to the laboratory, biological data including;
22
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total and fork lengths, and weight were measured. An additional sample of the smallest 
rock bass was preserved for gut content analysis in a 10% formalin solution. For 
bluegills, gut contents were identified from the frozen specimens prior to preparation for 
organic pollutant extraction. Diet items were identified to a family level or genus and 
species if possible following identification keys outlined in Balcer et al. (1984) and 
Peckarsky et al. (1990).
Age determination was completed using sagittal otoliths removed from frozen 
individuals and following procedures outlined by the Otolith Research Laboratory, 
Bedford Institute of Oceanography, Dartmouth, Nova Scotia, Canada. Difficulty in 
reading otolith annuli for rock bass > 4 years old required use of life history tables (Scott 
and Crossman 1973) along with additional literature based length at age ranges for this 
species (Putman et al. 1995). Specific growth rates (%-day'1) were calculated for each 
age class using the following equation (Ricker 1979):
where BWo was the average weight (grams) of the initial year class, BWt the average 
weight of the next year class and t was the length of the growing period in days. Initial 
weights for the young-of-the-year age class were taken from the intercepts of the length 
vs. weight regression plots with a day zero value of 1 June used for this age class.
(2.7)
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2.2.1 PCB Analysis
Following collection of biological data, individual fish > 5 g in size were 
homogenized using a solvent rinsed stainless steel blender. For young-of-the-year 
(YOY) fish with body mass < 5 g, at least three fish were pooled to generate sufficient 
material for chemical analysis with five pooled samples analysed for this age class in 
both species. Full details of the extraction and analysis protocols are outlined in 
O’Rourke et al. (2004). Briefly, approximately 5 g of the whole body homogenate was 
added to 25 g sodium sulfate and cold column extracted for one hour in a 50:50 
hexane/dichloromethane solution. Lipid fractions were removed via gel permeation 
chromatography and lipid content determined gravimetrically. Sample cleanup was 
completed using Florisil columns and all chemical residue analyses were completed on a 
Hewlett Packard G1530A gas chromatograph equipped with a mass selective detector 
(HP 5973). Method blanks, an internal reference sample homogenate (carp) and a 1:1:1 
mixture of Aroclor 1248:1252:1264 PCB standards were run on the gas chromatograph 
every five samples. Recoveries of surrogate standards averaged 83% ± 18% (standard 
deviation, SD). Tissue concentrations were not corrected for surrogate standard 
recoveries.
PCB accumulation profiles in rock bass and bluegill age classes were predicted 
for congeners 28, 52 and 153 using the model outlined in eq. 2.6. The biomagnification 
factors (BMF) and elimination rate constants {kj) applied in the model were those 
determined by Fisk et al. (1998) (Table 2.1). Chemical elimination rate constants, 
however, have been demonstrated to be negatively correlated with body size (Trudel and 
Rasmussen 1997). Using the hi values as determined for these congeners in
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Table 2.1. Dietary polychlorinated biphenyl (PCB) congener concentrations and elimination rate constants {ki) used in PCB 
bioaccumulation model (eq. 2.6) for rock bass (Ambloplites rupestris) and bluegills (Lepomis macrochirus).
Species Age
Class
Dietary concentrations8 
PCB 28 PCB 52 PCB 153
Elimination rate constantsb 
PCB28 PCB52 PCB 153
Biomagnification factors0 
PCB28 PCB52 PCB 153
10'* Pg'g'1(lipid) (10'2-day'*)
Rock bass YOY 0.6 2.0 1.4 2.6 1.8 0.5 1.8 3.3 9.3
1 0.6 2.0 1.7 0.7 0.5 0.1 2.8 3.9 12.6
2 0.8 2.8 3.1 0.3 0.2 <0.1 0.8 1.3 9.5
4 2.1 10.0 10.1 0.1 <0.1 <0.1 2.7 4.2 14.7
6 2.1 10.6 11.9 <0.1 <0.1 <0.1 1.8 1.9 10.3
7 2.1 11.5 14.7 <0.1 <0.1 <0.1 2.4 4.8 13.4
Bluegills YOY 0.6 2.0 0.4 1.2 0.8 0.2 1.2 0.7 7.6
1 0.6 2.1 0.4 0.3 0.2 <0.1 2.0 1.4 10.0
3 0.6 3.7 1.8 0.1 0.1 <0.1 1.6 3.0 30.5
A 0.6 3.9 2.4 0.1 <0.1 <0.1 2.6 2.5 18.6
2.1d 2.9d 16d
Dietary PCB congener concentrations represent average levels estimated from PCB concentration data for benthic invertebrate and 
cyprinid forage fish species previously collected at sampling location (Great Lakes Institute for Environmental Research 2003). 
b Elimination rate constant values allometrically scaled from those calculated for juvenile rainbow trout ~3 g in size (Fisk et al. 1998). 
c Biomagnification factors calculated by solving eq. 2.6 for BMF (see Materials and Methods). 
d Biomagnification factors from Fisk et al. (1998) used for the calculation of PCB congener accumulation profiles
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~ 3 g rainbow trout (Oncorhynchus mykiss) (Fisk et al. 1998) and the general allometric 
equation (aBWb), an exponent of -0.75 was substituted' (Peters et al. 1996) and the 
relation was then solved for the constant. Subsequently, values for PCBs 28, 52, and 
153 were allometrically scaled for each centrarchid size (age) class (Table 2.1). PCB 
congener concentrations in food ( C f00d) used in the model were representative of the 
ranges reported for benthic invertebrates and cyprinid forage fish previously collected 
from the sampling area (Table 2.1; Great Lakes Institute for Environmental Research 
2003). Food concentrations were adjusted for each size class to reflect changes in dietary 
PCB burden as the fish grew. Specific growth rates determined for each size class of 
rock bass and bluegill (eq. 2.7) were used to estimate the growth rate dilution constants 
(kg). Additionally, in order to determine potential changes in BMFs as fish grew in size, 
eq. 2.6 was solved for BMF using the measured concentrations of PCB congeners 28, 52 
and 153 for C org(t) in each size class and their concentrations in food as described above 
(C food)-
2.2.2 Stable Isotope Analysis
Stable isotope analysis was completed using the pooled and individual fish whole 
body homogenates from each age class as generated for chemical analysis.
Approximately 2 g of the whole body homogenate was dried at 75°C for 48 hours and 
ground to a fine powder using a glass mortar and pestle (Vander Zanden et al. 2000). 
Between 0.8 -  1.1 mg of the dried powder was added to a 3 mm x 5.5 mm tin capsule and 
subsequently folded closed and placed in an individually labeled sample tray. All sample 
analyses were completed by the Environmental Isotope Laboratory at the University of
26
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Waterloo, Waterloo, Ontario, Canada, using a Micromass VG Isochrom continuous-flow 
stable isotope ratio mass spectrometer coupled to a Carlo Erba elemental analyzer. Stable 
isotope results are calculated relative to a reference standard and expressed as delta (8) 
notation as per eq. 2.8:
5 }5N  (% o)  =  [ (Rsample?R standard) ~ 1 ]  X  1 0 0 0  (2 .8)
where R = 15N/I4N. Nitrogen results were standardized against atmospheric N2 with the 
analyses of International Atomic Energy Agency N1 and N2 (ammonium sulfates) and 
CH6 (sugar) standards also completed during evaluation of biological samples. Precision 
(2 SD) of these internal standards are ± 0.3%o and ± 0.2%o for nitrogen and carbon, 
respectively, over several years of use. Duplicate analyses were also completed on 15% 
of the samples with variability estimates, reported as the standard error of the estimate, of 
0.2%o reported for 815N results.
2.2.3 Prey Isotope Signature Calculation
To determine enrichment rates of 815N over the diet (ER) by rock bass and 
bluegill, we estimated prey 51SN results for each year class of both species using the 
mixing model described in eq. 2.9 (Hart and Lovvom 2002):
S,5Nmixedprey = [  %diet, ■ (S'5NO + %diet2  ■ (SI5N2) ...+ %dietn ■ (dISN J J / 100 (2.9)
27
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where %diet„ is the percent of total diet items represented by the nth diet item and d1 5 N„ 
its isotope value. To determine prey item isotope signatures, prey items were assigned to 
a dietary trophic position as calculated by Vander Zanden et al. (1997) and then 
converted to 81SN trophic positions using the linear regression describing the relationship 
between dietary and 81SN trophic positions (Vander Zanden et al. 1997). The resultant 
81SN trophic positions for each prey item were then converted to S15N estimates based on 
reorganization of the 815N trophic position calculation (eq. 2.10) and solving for prey 
815N.
Trophic Position = [ (prey S15N  - baseline d1 5 N)/3.4] + 2 (2.10)
In order to calculate trophic position, correction of the prey 815N signature to that 
of a long lived primary consumer has been recommended to account for potential 
background variability in nutrient loading (Cabana and Rasmussen 1996). To estimate a 
baseline 815N signal, an average rock bass 815N trophic position of 3.87 (Cabana and 
Rasmussen 1996; Vander Zanden et al. 1997) was substituted in the above trophic 
position equation and then solved for baseline 815M. This method provided a baseline, 
primary consumer S15N estimate of 6.1%o for the Detroit River. With this baseline 
estimate, rock bass and bluegill 8I5N trophic position estimates averaged 3.6 and 3.3, 
respectively, in good agreement with 815N trophic positions derived from the literature 
for these species (Cabana and Rasmussen 1996; Vander Zanden et al. 1997). The 
resulting predicted 815N signatures are in good agreement with previously reported values 
for these prey categories collected from the Detroit River/Lake Erie corridor (Table 2.2).
28
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Table 2.2. Trophic positions and predicted stable nitrogen isotope signatures calculated 
for prey categories identified during gut contents analysis. Predicted prey 815N signatures 
were determined based on the solution of the 815N trophic calculation outlined in eq. 
2 . 10.
Prey category Dietary Predicted 8'^N Predicted 8isN Reported
trophic trophic position5 (%o) 815N
position3 (%o)
Hydrachnidia 3.0 3.2 10.1
(Water mites)
Cladocera 2.5 2.8 8.8 -
Copepoda 2.5 2.8 8.8 -
Amphipoda 2.5 2.8 8.8 1 o
Trichoptera 2.5 2.8 8.8 -
(Caddisflies)
Diptera 2.5 2.8 8.8 -
(Chironomids)
Cyprinidae 2.5 2.8 8.8 9.8d - 12e
Decapoda 3.0 3.2 10.1 -
(Crayfish)
Gastropoda 2.0 2.4 7.4 6f
(Snails)
Pelycypoda 2.0 2.4 7.4 7f
(Zebra mussels)
Detritus/Other 1.0 1.6 4.8 4.1°
“Dietary trophic positions are those for each prey category as presented in Vander Zanden
et al. (1997).
b815N trophic positions were predicted using the linear regression describing the 
relationship between dietary trophic position and 815N trophic position estimates (Vander 
Zanden etal. 1997). 
c Limen et al. (2005). 
d Hebert et al. (1999). 
e Cabana and Rasmussen (1996). 
f Mazak et al. (1997).
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In generating the mixed prey 515N signature estimates for age class diets, the 
proportions of prey category in the diet were corrected for using the respective 
coefficients of variation for each prey category by the factor (%dietn x  \1 - CV|). This 
was completed to account for within age class prey category variability as observed 
during gut contents analysis in the prediction of mixed prey dietary 815N signatures 
(Table 2.3). Dietary 815N enrichment rate values (ER) for rock bass and bluegills were 
then calculated as the difference between the average 815N signatures less the predicted 
dietary 815N value for each year class (Table 2.3). Year class 815N enrichment rates were 
also calculated by solving eq. 2.3 for ER. Specific growth rates determined for each year 
class of rock bass and bluegill were used to estimate enrichment of 8ISN due to growth 
(g). The metabolic turnover rate (m) of 0.0018-day'1 calculated by Hesslein et al. (1993) 
was allometrically scaled in a similar manner as described for the chemical elimination 
rate constants (kj) in the PCB accumulation model in order to generate the modeled ER 
values (Table 2.3).
2.2.4 Statistical Methods
Statistical analyses were completed using SYSTAT version 8.0 for Windows 
(Wilkinson 1998) with a criterion for significance ofp <  0.05 used in all cases. All data 
were tested for normality using normal probability plots. PCB results exhibited non 
normal distributions and heteroscedasticity and therefore were subsequently log-10 
transformed. Stable nitrogen isotope results were found to be normally distributed and no 
data transformation was necessary. For all analyses of variance (ANOVA), a Scheffe's 
post significance test was used due to differences in sample sizes between groups in the
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Table 2.3. Summarized biological, stable isotope and pollutant data for rock bass (Ambloplites rupestris) and bluegill (Lepomis 
macrochirus) age classes. Where average results are reported, values represent the arithmetic means (± 1 standard error). Specific 
growth rates were calculated using eq. 2.7. Predicted dietary 815N results were generated using the dietary mixing model outlined in
: 15>
Species Ages
(years)
N Avg.
total
length
(cm)
Avg.
mass
(g)
Specific growth 
rates
(%-day'1) (%-year'1)
Avg.
815N
(% o)
Predicted
dietary
51SN
(°/oo)
Predicted 8!iN 
enrichment 
rates
Dietary Modeled 
(%o)
Average.
EPCB
(pgg lipid'1)
Rock bass YOY 5a 4.7 1.6 0.88 321 10.9 8.7 2.2 2.2 2.0
(0.3) (0.3) (0.2) (0.2)
1 5 8.4 9.1 0.48 175 11.3 8.2 3.1 3.1 2.7
(0.1) (0.2) (0.2) (0.3)
2 5 11.4 28.8 0.32 117 11.5 8.1 3.4 3.4 2.6
(0.2) (1.5) (0.5) (1.3)
4 5 16.4 97.9 0.17 62 11.8 8.8 3.1 3.0 17.6
(0.5) (9.8) (0.1) (6.2)
6 3 23.2 211.1 0.11 40 12.9 9.2 3.7 3.7 13.4
(0.3) (0.3) (0.1) (5.9)
7 2 23.9 248.2 0.04 15 12.8 9.1 3.7 3.7 21.6
(0.2) (0.3) (0.2) (17.0)
Bluegills YOY 5a 6.2 4.5 0.93 339 10.3 7.5 2.8 2.8 0.8
(0.1) (0.3) (0.1) (0.1)
1 5 10.8 25.2 0.49 179 10.6 7.4 3.1 3.2 0.9
(0.3) (2.7) (0.2) (0.2)
3 2 14.5 71.5 0.14 51 10.6 7.4 3.1 3.2 5.0
(0.2) (9.5) (0.8) (1.5)
4 3 17.2 113.9 0.12 44 12.1 7.8 4.2 4.3 4.6
a t\  _ i i
(0.2) (5.4) (0.3) (0.2)
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analyses (Zar 1984). Relationships between 815N and sum PCB concentrations (lipid 
weight) in rock bass and bluegills were analysed by linear regression. Linear and non­
linear regression modules in SYSTAT were used to determine the best fit regression 
models describing the relationship between 815N enrichment rate and body mass for rock 
bass and bluegills. Regression analyses were not corrected for outliers.
To address potential statistical uncertainty, the statistical power (1 - p) of all 
regressions and ANOVAs were determined using power analysis of the correlation 
coefficients and ANOVAs using the methods outlined by Zar (1984). These analyses 
indicated the potential of type II statistical error (p) associated with the 815N vs. sum PCB 
regressions to be 27 % (1 - P = 0.73) and 16 % (1 - P = 0.84) for rock bass and bluegills, 
respectively. Among the regression analyses completed, the highest probability of 
committing a type II statistical error (P = 0.41) was associated with the positive 
relationship described between bluegill body mass and S15N. For ANOVAs, a maximum 
probability of type II error was associated with the comparison of sum PCB 
concentrations between rock bass age classes where a P value of 0.012 was calculated.
For all other multiple comparison tests, calculated P values were lower than that 
estimated for the rock bass age class sum PCB ANOVA.
2.3 Results
A total of 211 rock bass and 33 bluegills ranging in mass from approximately 1 - 
246 g (4 - 24 cm) and 2 -142 g (5 -18 cm), respectively, were collected. Including 
YOY, a total of six rock bass and four bluegill age classes were identified. Gut contents 
of rock bass indicated general omnivory for YOY and 1-year-olds with small cyprinids
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constituting -24%  of the diet by age 1 (Table 2.4). By age 2 (x  = 28.8 g), cyprinids had 
become the dominant diet item in rock bass gut contents constituting at 67% of prey 
items in fish > 2 years of age and were the only prey observed on age 4 fish gut tracts. At 
six years of age (x  =211.1 g), large (-75 mm) crayfish constituted approximately 33% 
of prey items with the remainder consisting of cyprinid forage fish for individuals > 6 
years of age.
No major shifts in diet were observed in bluegills with amphipods and 
trichopterans combining to total at least 50% of the prey items for YOY (x  = 6.2 g) and 
age 1 fish (x  = 25.2 g) with the latter accounting for approximately 31% of the diet by 
age 4 (Table 2.4). Gastropods were identified in the gut tracts of all bluegills and were 
the sole prey item for 3-year-old fish. Zebra mussels were observed only in the diet of 1- 
year-old fish. No evidence of prey size selectivity was observed with increasing bluegill 
body size or age.
Sum PCB concentrations for individual rock bass ranged from 1 - 34 pg-g’1 (lipid 
wt.) and from 0.4 - 6 pg-g'1 for bluegills (Table 2.3). Analysis of variance and a Scheffe's 
post significance test demonstrated significantly higher EPCB concentrations in rock bass 
4 years of age ( x = 97.9 g) and older than those reported for younger, smaller individuals 
ip = 0.001). For bluegills, EPCBs in fish 3 years of age (x = 71.5 g) and older were 
significantly higher (p < 0.001) than those reported for the two younger age classes. In 
both species, no significant differences between ZPCBs were observed among age classes 
of fish with average weights < -30 g. Highest average EPCB concentrations of 21.6 
pg-g’1 were measured in the largest rock bass size class ( x = 248.2 g). Coefficients of 
determination describing the relationships between 615N and log transformed, lipid
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Table 2.4. Mean dietary data for rock bass (Ambloplites rupestris) and bluegill (Lepomis macrochirus) 
age classes. Values represent the average percent of total prey items enumerated in individual fish gut 
tracts (±1 standard error).
Prey Rock Bass
Category
YOY 1 2 ' 4 6 7
Hydrachnidia 36.8 (1.0) 8.4 (3.0) . •• . _
Cladocera 4.5 (3.2) - - - - -
Copepoda 2.7 (4.9) - - - - -
Amphipoda 5.9 (2.7) 13.2(1.9) 3.0 (3.3) - - -
Trichoptera 44.0 (0.9) 11.9(2.4) 9.1 (3.3) - - -
Diptera 0.6 (8.7) 19.7(1.8) 3.0 (3.3) - - -
Cyprinidae - 23.5 (1.7) 75.8 (0.6) 100.0 66.7 (0.3) 66.7 (0.5)
Decapoda - 0.8 (4.1) - - 33.3 (0.6) 33.3(1.0)
Detritus/Other 5.6 (2.9) 22.5 (1.6) 22.4 (3.3) - - -
Bluegills
YOY 1 3 4
Amphipoda 28.4(1.4) 37.6(1.4) . _
Trichoptera 45.0 (0.9) 22.3 (2.3) - 31.0(1.7)
Gastropoda 16.1 (2.4) 6.7 (7.8) 100.0 69.0 (0.8)
Pelycypoda - 6.7 (7.8) - -
Detritus/Other 10.5 (3.7) 26.7 (1.9) - -
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weight corrected LPCB concentrations for rock bass and bluegills were found to be 0.194 
and 0.374, respectively (Fig. 2.1).
Comparing three specific PCB congener concentrations ranging in log Kow from 
5.7 (PCB 28) to 6.9 (PCB 153) demonstrated biomagnification for contaminants of log 
Kow > 5.8 as a function of increasing mass in both species (Figs. 2.2,2.3). PCB 
congeners 28, 52, and 153 did not exhibit any significant increases in concentration by 
~30 g for rock bass or bluegills with PCB 28 concentrations remaining consistent 
regardless of body mass for either species. However, by ~70 - 100 g in mass for rock bass 
and bluegills, respectively, ANOVA indicated that concentrations of the more 
hydrophobic PCB congeners 52 (log Kow = 5.8) and 153 (log Kow = 6.9) were 
significantly higher than those reported for PCB 28 (p < 0.001).
The PCB bioaccumulation model described in eq. 2.6 accurately predicted the 
contaminant accumulation patterns observed in the field data for congeners 28, 52, and 
153 (Figs. 2.2a, 2.3a). The estimated accumulation profile for PCB 28 (log Kow = 5.7) 
did not predict any increase in concentration of this chemical with increased body size for 
either species. For PCBs 52 and 153, however, congener concentrations were predicted 
to begin increasing by 25 - 30 g in size and, in rock bass, were observed to reach an 
inflection point by ~ 100 g in size after which no further increases in chemical 
accumulation were predicted. In bluegills, congeners 52 and 153 were predicted to 
increase with bluegill body mass > 25 g, however, modeled concentrations for PCB 153 
were below the observed values measured in larger (> 70 g) bluegills and were predicted 
to continue increasing with larger mass. For PCB 52, the predicted concentration trend 
accurately reflected the concentrations reported in larger individuals. In general, these
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/Figure 2.1. Relationship between log transformed, lipid normalized sum polychlorinated 
biphenyl concentrations and 815N in rock bass (Ambloplites rupestris) and bluegills 
(Lepomis macrochirus). Individual rock bass and bluegill sunfish are represented by the 
shaded and non-shaded symbols with the solid and dotted lines representing the 
respective least squares regression lines for the two species.
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Figure 2.2. (a) Relationships between polychlorinated biphenyl (PCB) congeners 28, 52, 
and 153 concentrations and rock bass (Ambloplites rupestris) body mass. Symbols 
represent the arithmetic means of each congener concentration with error bars indicating 
± 1 standard error. Dotted, dashed, and solid lines represent the predicted PCB 
accumulation profiles for PCB congeners 28, 52, and 153, respectively, with increased 
rock bass body mass, (b) Relationship between rock bass annual growth rates (%-year'1) 
and predicted PCB congener accumulation profiles. Area between dotted vertical lines 
indicates body mass range where contaminant exposure transitions from water based 
bioaccumulation kinetics (bioconcentration) to accumulation dominated by dietary 
exposure (biomagnification). Logarithmic growth curve is represented by the thick, solid 
line. In both panels, PCB congener accumulation profiles were estimated using the 
model outlined in eq. 2.6.
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Figure 2.3. (a) Relationships between polychlorinated biphenyl (PCB) congeners 28, 52, 
and 153 concentrations and bluegill (Lepomis macrochirus) body mass. Symbols 
represent the arithmetic means of each congener concentration with error bars indicating 
± 1 standard error. Dotted, dashed, and solid lines represent the predicted PCB 
accumulation profiles for PCB congeners 28, 52, and 153, respectively, with increased 
bluegill body mass, (b) Relationship between bluegill annual growth rates (%-year'1) and 
predicted PCB congener accumulation profiles. Area between dotted vertical lines 
indicates body mass range where contaminant exposure transitions from water based 
bioaccumulation kinetics (bioconcentration) to accumulation dominated by dietary 
exposure (biomagnification). Logarithmic growth curve is represented by the thick, solid 
line. In both panels, PCB congener accumulation profiles were estimated using the 
model outlined in eq. 2.6.
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bioaccumulation profiles are in agreement with the field data where significant increases 
in LPCBs were observed in fish > 70 g relative to those measured in smaller individuals. 
Further, the significant increases in concentration for the more hydrophobic (log Kow > 
5.8) PCB congeners occurred in both species when < 60% of the total body mass was 
replaced on annual basis (Table 2.3). For younger fish < 30 g, however, high specific 
growth rates resulted in body mass at least doubling in one year of growth with no 
significant increases in PCB concentrations observed.
To better understand PCB accumulation in the smallest individuals (< 1 year old), 
chemical concentrations for these individuals were contrasted with steady state corrected 
concentrations calculated for 20 PCB congeners measured in freshwater mussels (Elliptio 
complananta) deployed at the study site (Fig. 2.4; O'Rourke 2004). PCB concentrations 
in the smallest rock bass (5c = 1.6 g) were not significantly different (student's t-test, p  = 
0.216) from those reported for the mussel biomonitor, however, by an average size of ~9 
g, rock bass PCB concentrations were significantly higher than mussel levels ip = 0.019). 
For bluegills, all PCB concentrations closely reflected those reported in the mussel 
biomonitors with the smallest size class (3c = 4.5 g) having significantly lower (p < 
0.001) contaminant levels than the mussel. By an average size of -25 g, no significant 
differences were observed between bluegill and mussel PCB concentrations. On average, 
PCB concentrations in the smallest (YOY) rock bass and bluegills were, respectively, 1.4 
to 0.5 times mussel concentrations. By the next year of growth, average PCB 
concentrations in rock bass were double those for mussels with bluegills having 
concentrations approximately 70% of the mussel levels. Although PCB concentrations in 
YOY and 1-year-old rock bass, relative to mussel levels, were slightly more enriched for
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Figure 2.4. Relationship between relative polychlorinated biphenyl (PCB) congener 
concentrations in young-of-the-year (YOY) and 1-year-old fish and congener 
hydrophobicity (log Kow). Average lipid weight PCB concentrations for rock bass 
(Ambloplites rupestris) and bluegill (Lepomis macrochirus) are expressed relative to 
steady state corrected PCB concentrations previously reported for freshwater mussels 
(Elliptic) complanata) deployed in the Detroit River (O'Rourke 2004). Individual rock 
bass and bluegill sunfish are represented by the shaded and non-shaded symbols with 
YOY and 1-year-old fish represented by •  and Y. Dotted line represents 1:1 ratio for 
steady state corrected mussel PCB concentrations.
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congeners of log Kow < -7.0, this relationship was not significant (r2  = 0.045; p  = 0.367). 
For bluegills averaging < 25 g, no significant relationship between log Kow and relative 
PCB concentrations was observed (r2  = 0.001; p  = 0.925).
The biomagnification factors (BMFs) estimated for PCB congeners 28, 52, and 
153 were correlated with body size for both species with the most substantial increases 
observed for PCB 153 in both species (Table 2.1). BMFs for PCB 153 in bluegills ranged 
from 7.6 for the smallest individuals to a high of 30.5 for 3-year-old fish averaging 72 g. 
For this congener in rock bass, BMFs ranged from 9.3 - 14.7 among all sizes with the 
highest value estimated for individuals -100 g average mass. Although BMFs for PCB 
congeners 28 and 52 increased with body size, this pattern was not of the same magnitude 
as observed for PCB 153. From the smallest to largest bluegill sizes, BMFs increased 
117%, 257%, and 145% for PCBs 28, 52, and 153, respectively. For rock bass, however, 
BMFs for these three congeners exhibited an average increase of 41% from the smallest 
to largest individuals. Between both species and among all sizes, average BMFs 
calculated for these three congeners correspond well for the values of 2.1, 2.9 and 16 
reported for PCBs 28, 52 and 153, respectively, by Fisk et al. (1998).
Rock bass 815N values ranged from 10.9%o to 12.9%o across the size range of fish 
collected with the upper range measured in the second largest size class ( x  = 211.1 g; 
Table 2.3). 8I5N values were positively correlated with both mass and age in both 
species, however, these relationships were significant for rock bass only (Fig. 2.5a; p  = 
0.001). For bluegills, average S15N results ranged from 10.3%o in the smallest (3c = 4.5 g) 
fish to 12.l%o for the largest individuals ( 3c = 113.9 g). S15N signatures in these large 
bluegills were also significantly enriched relative to the two smallest size classes (p -
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Figure 2.5. Relationships between stable nitrogen isotope signatures (a) and stable 
nitrogen enrichment rate over the diet (b) with rock bass (Ambloplites rupestris) and 
bluegill (Lepomis macrochirus) mass. Individual rock bass and bluegill sunfish are 
represented by the shaded and non-shaded symbols. The solid and dotted lines represent 
the least squares linear (a) or non-linear (b) regression lines for rock bass and bluegills, 
respectively. Enrichment rates are those calculated as the difference between predicted 
dietary 815N signatures and age class average 8l5N values. Error bars indicate ± 1 
standard error.
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0.020). A student's t-test indicated rock bass 815N results were significantly higher than 
the bluegill isotope values ip = 0.001).
Dietary 815N values generated by the mixing model calculations predicted an 
increase in dietary nitrogen signature from 8.7%o to a high of 9.2%o as rock bass grew in 
average size from 1.6 - 211.1 grams (Table 2.3). A slight decrease to 9.1%o was 
predicted for the dietary 815N signature in the largest size class (3c = 248.2 g) of rock 
bass, primarily due to increased variability in the proportion of cyprinids observed in the 
diet. The increased proportion of detritus in age 1 rock bass guts combined with fewer 
water mites resulted in a predicted mixed prey 815N of 8.2%o, slightly lower than that 
predicted for the smallest size class diet even though cyprinids were approximately a 
quarter of the diet for age 1 fish. Predicted bluegill diet 815N values exhibited a marginal 
increase from 7.5%o to 7.8%o among the size range of fish with no changes in dietary 815N 
calculated for individuals averaging 25.2 and 71.5 g in size.
The estimates of 8I5N enrichment rate over the diet {ER) were similar whether 
calculated from the difference between measured 815N signatures in fish and the 
predicted dietary S15N signatures or using the model outlined in eq. 2.3 (Table 2.3). The 
largest difference between ER predictions was those for age 3 bluegills where the dietary 
calculation indicated an ER of 3.1 %o in comparison to a value of 3.3%o estimated by the 
kinetic model for this age class. Both methods also demonstrated ER to increase with 
body size with the relationship observed between ER and mass for both species best 
described by log-linear functions (Fig. 2.5b). Using the dietary method, average ER 
values for rock bass and bluegills were 3.0%o and 3.2%o, respectively. For rock bass, the 
average ER predicted for the two largest size classes were identical at 3.7%o. Significant
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differences were observed between size class ER values in both species using the dietary 
estimates ip = 0.036). For rock bass, this was primarily due to the difference in ER 
between the smallest ( x = 1.6 g) and second largest (3c =211.1 g) size classes. In 
bluegills, ER values for the largest size class were significantly higher ip = 0.003) than 
those observed for all other sizes. ER values were also negatively correlated with 
specific growth rates in both rock bass (r2  = 0.434) and bluegills {r2  = 0.410).
2.4 Discussion
The rock bass and bluegill diet analyses yielded similar prey types and 
proportions as those documented in the literature for these species (Mittelbach 1981; 
Rabeni 1992; Vander Zanden et al. 1997). The more enriched rock bass 815N signatures 
relative to bluegills confirm the predatory nature of this species and its higher trophic 
position in this food-web. The ontogenetic diet shift to piscivory was first observed in 1 
year old rock bass averaging ~9 g in size. Bluegills diets, however, remained dominated 
by small invertebrates, notably trichopterans and gastropods, regardless of size. 
Invertebrate diets typically have higher proportions of indigestible material (chitin) in 
comparison to piscivory (Stewart et al. 1983) and consumption rates must increase 
accordingly in order to meet daily energetic requirements (Pazzia et al. 2002). 
Consequently, foraging costs are much higher for predators feeding on small 
invertebrates resulting in lower growth efficiencies and growth rates (Pazzia et al. 2002). 
For bluegills, no evidence of size selectivity was observed in the diet and growth 
efficiency is expected to be negatively correlated with predator-prey size ratios and 
decrease faster in predators feeding on smaller prey (Kerr 1971a, b; Pazzia et al. 2002).
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By 4 years of age, rock bass diets were dominated by cyprinid prey resulting in a growth 
rate 40% higher than that estimated for the same age bluegills feeding exclusively on 
invertebrates. These observations suggest that, although bluegills may benefit from the 
ease of capture of smaller, sessile prey, such costs may be minimal and are offset by the 
increased time and energy spent foraging to obtain a given growth rate.
The resultant PCB concentrations measured in the smallest (YOY) individuals 
were similar to those reported for freshwater mussel (Elliptio complanata) deployed at 
the study site (O'Rourke 2004). Freshwater mussels are excellent monitors of chemical 
residues in aquatic systems due to their ability to accumulate contaminants primarily 
from water (Gewurtz et al. 2003; O'Rourke et al. 2004) with chemical uptake regulated 
by bioconcentration kinetics as described by eq. 2.5. Sum PCBs in the smallest rock bass 
and bluegills averaged 1.4 and 0.5 times those of mussel levels, respectively, with 
concentrations increasing to double and 70% of those in mussels by the first full year of 
growth. Additionally, no chemical hydrophobicity trends were evident for these sizes of 
fish with only minor enrichment of PCB congeners of log Kow <7.0 observed for these 
sizes of rock bass. Both of these patterns suggest that these small fish have either 
achieved steady state or reached equilibrium with respect to PCB concentrations in water. 
Olsson et al. (2000) concluded that contaminant concentrations in small (< 100 g) 
Eurasian perch {Perea fluviatilis) had reached steady state levels as no significant 
increases in concentrations or hydrophobicity effects were evident. Both the observed 
data and PCB accumulation model predictions did not demonstrate any significant 
increases in PCB concentrations until body masses of 72 g and 98 g for bluegills and rock 
bass, respectively. The lack of significant chemical accumulation observed in smaller
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fish has been attributed to a combination of physiological characteristics including rapid 
growth rates, large gill surface area to body mass ratios, and high chemical elimination 
relative to uptake (Sijm et al. 1992,1995; Olsson et al. 2000). The high growth rates 
calculated for individuals < -30 g in size indicates growth dilution is an important factor 
regulating chemical accumulation in these fish. However, the model (eq. 2.4) used to 
predict PCB bioaccumulation consistently over-predicted concentrations for small fish. 
This is likely a result of underestimates in elimination and growth dilution occurring in 
YOY fish. These results conform to the general prediction of life-cycle bioaccumulation 
models which indicate that chemical accumulation from water (bioconcentration) 
dominates uptake in early life stage fish as a result of rapid growth dilution and relatively 
high rates of gill elimination (Sijm et al. 1992).
The consideration of POPs as bioenergetics tracers is only tenable when uptake 
from food dominates the exposure pathway. For chemicals of log Kow > 5.5, dietary 
uptake is the primary source with biomagnification mechanisms dictating the extent of 
bioaccumulation (Thomann et al. 1992). BMFs for PCB 153 (log Kow = 6.9) in both 
species were observed to increase with body size. By -25 g in size, specific growth rates 
for both species were sufficiently high to result in at least a doubling of body mass 
annually and the difference between BMFs for PCB 153 across small sizes were 
negligible. However, at -100 g in size, the PCB 153 BMF for bluegills was estimated at 
18.6 and the specific growth rate had slowed where < 50% of the body mass was replaced 
annually. For rock bass of similar size, a higher annual growth rate resulted in a larger 
proportion of the body mass gained with a lower BMF of 14.7 estimated for PCB 153. 
From eq. 2.4, BMF describes the ratio of chemical uptake from food to losses through
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elimination as well as growth. Chemical uptake from the diet, however, is the product of 
feeding rate and assimilation efficiency of the chemical from the food (Morrison et al.
1997). Thus, for individuals o f -100 g in mass, the higher PCB 153 BMF reported for 
bluegills indicate this species must consume more food energy, and thus accumulate 
more PCBs, in order to achieve the same growth as rock bass of similar size. Ignoring 
potential species differences in chemical assimilation and k2  values, the differences in 
PCB 153 BMFs suggest growth conversion efficiencies to be at least 26% higher in rock 
bass compared to bluegills of similar age and size. This conclusion is supported by the 
lower growth efficiencies associated with insectivorous diets (Pazzia et al. 2002).
Further, regardless of size, bluegills continued to forage on small prey, a characteristic 
expected to correlate to faster decreases in growth efficiency than size selective feeding 
(Kerr 1971a; b). Such lower growth efficiency may have explained the tendency of the 
PCB accumulation model to under predict PCB congener concentrations in the two 
largest bluegill age classes. These data suggest that growth conversion efficiencies and 
the bioenergetics associated with the different foraging strategies and resultant growth 
rates play important roles in regulating the degree of chemical bioaccumulation observed 
in larger size classes of fish.
The degree of stable nitrogen isotope enrichment rates over the diet (ER) 
estimated for small (YOY) bluegills (2.2%o) and rock bass (2.8%o) differ substantially 
from those calculated for all other sizes of fish in this study. Average ER for all rock 
bass and bluegills > 1 year old were 3.4%o and 3.5%o, respectively, in good agreement 
with the widely held average of trophic level enrichment for 81SN of 3.4%o reported by 
Minagawa and Wada (1984) and the range exhibited by a variety of aquatic species
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(Vander Zanden and Rasmussen 2001). For small, rapidly growing fish, high specific 
growth rates are expected to result in isotopic signatures more closely associated with 
dietary steady state than in slowly growing fish (Hesslein et al. 1993). Such trends were 
not apparent in the present study, instead the relationships between ER and mass for both 
species were best described by log-linear functions that were not expected to stabilize 
until the second year of growth. Such differences in isotopic enrichment provide 
important information on feeding and metabolic rates that are lost in the assumption of a 
constant §15N trophic level enrichment factor (Olive et al. 2003). These results 
emphasize the need for further experimentation to understand size and growth related 
differences in isotopic enrichment rates (Olive et al. 2003).
Significant correlations between 815N and chemical concentrations have been 
demonstrated in freshwater food-webs (Kiriluk et al. 1995; Kidd et al. 1995), but these 
relationships typically fail to hold when examined within species (Kiriluk et al. 1995; 
Kidd et al. 1998; Berglund et al. 2001). Correlations were observed between 815N and 
XPCB concentrations for both species, however, these relationships were weak.
Chemical accumulation in small fish is limited by high growth and elimination rates and 
also water to fish bioconcentration kinetics (Gobas and Mackay 1987; Sijm et al. 1992; 
Olsson et al. 2000). Subsequently, marginal increases in chemical accumulation are 
expected until growth to a mass occurs when the transition in chemical accumulation 
becomes dominated by uptake from the diet (Clark et al. 1990; Sijm et al. 1992, 1995). 
Therefore, the rapid changes expected in young, fast growing predator 815N signatures 
(Hesslein et al. 1993; Vander Zanden et al. 1998) will not be combined with concurrent 
increases in chemical accumulation until growth to a body mass where dietary uptake
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predominates chemical exposure and elimination across the respiratory surface is 
minimal.
For larger individuals, prey consumption due to gape limitation is less restricted 
and a wider size spectrum organisms become potential prey (Persson et al. 1996) leading 
to omnivory (feeding at more than one trophic level), opportunistic feeding and trophic 
variability that obscure relationships between trophic position and body size (Vander 
Zanden et al. 2000). Consequently, 515N in larger fish represents a long term integration 
of potential changes in dietary 515N signature (Hesslein et al. 1993). Chemical 
accumulation will be primarily through dietary uptake thereby leading to significant 
increases in chemical concentrations as dictated by the bioenergetics of growth, 
metabolism and foraging behaviour in larger individuals. By using primarily older, 
mature individuals, especially for top predators, (Kiriluk et al. 1995; Kidd et al. 1998) 
and composite samples (Kidd et al. 1995), the relationships between 815N and chemical 
concentrations for entire food-webs mask such influences of species bioenergetics. 
Through investigation of intra-specific relationships between 815N and contaminant 
concentrations, the importance of age, growth and size on such correlations become 
clearer.
Much of the kinetics associated with chemical accumulation have been well 
defined and quantified (i.e. Morrison et al. 1997). For 81SN, however, less is known of 
the mechanisms regulating assimilation, fractionation, and elimination and there is a 
substantial need for research in this area (Gannes et al. 1997; Olive et al. 2003). The poor 
relationships observed between 81SN and lipid corrected PCB concentrations in this study 
and in other species (Kiriluk et al. 1995; Olsson et al. 2000; Berglund et al. 2001)
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provides evidence that these ecological markers track processes regarding food-web 
dynamics or metabolic and physiological parameters. For 815N, food-web trophic 
structure and specific trophic interactions such as predator-prey relationships can be 
depicted with this ecological descriptor (Vander Zanden and Rasmussen 1996).
Persistent organic pollutant concentrations, such as PCBs, however, represent a species 
life history of energy acquisition, assimilation and growth efficiency and thus are 
appropriately interpreted as bioenergetic tracers.
This research identified some of the difficulties associated with the application 
and interpretation of stable isotopes and POPs as ecological tracers for rapidly growing 
young-of-the-year and age 1 size classes. The differences in chemical accumulation 
between small, rapidly growing fish and larger, more slowly growing individuals are a 
consequence of changes in bioaccumulation mechanisms that occur in response to shifts 
in body mass and the relative importance of growth to chemical dilution and elimination 
kinetics. Similar shifts in isotope enrichment ratios, as observed in this study, may reflect 
differences between the fractionation mechanisms predominating under rapid growth 
compared to maintenance growth conditions. Further information to characterize 
changes in chemical and isotope kinetic parameters in different species and over life 
history changes will be essential to increase the interpretive value of stable isotopes and 
chemicals as ecological tracers in aquatic systems.
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Chapter 3.0 IN SITU MEASUREMENT OF TISSUE TURNOVER AND 
ENERGY CONVERSION EFFICIENCIES IN LAKE TROUT (SALVELINUS  
NAMAYCUSH) USING A NOVEL TOXICOKINETIC APPROACH
3.1 Introduction
Lake trout {Salvelinus namaycush) have been used as a pollutant biomonitor 
throughout the Great Lakes watershed since the late 1970s. Concentrations of persistent 
organic pollutants (POPs), such as PCBs, in this species have declined substantially since 
pollutant abatement programs began (Huestis et al. 1996; Devault et al. 1996). 
Fluctuations in Lake Ontario lake trout PCB levels during these monitoring programs 
have been attributed to substantial changes in population dynamics of the alewife forage 
base (Borgmann and Whittle 1991). Such observations suggest that energy flow in 
aquatic food-webs can be tracked by understanding the processes that regulate pollutant 
burdens in top predators.
Bioenergetics models have been developed and evaluated in attempts to 
understand implications of changes in prey densities and pollutant burdens on chemical 
accumulation in species including chinook {Oncorhynchus tshawytcha) and coho salmon 
{Oncorhynchus kisutch) and lake trout (Jackson and Schindler 1996; Madenjian et al. 
1998a; 19986). These studies have primarily focused on pollutant food-web transfer 
efficiencies rather than the importance of bioenergetic processes in regulating observed 
spatial and temporal trends. Empirical relationships dictate that predator-prey 
interactions, population dynamics and bioenergetics play important roles in regulating 
fish pollutant concentrations (Rasmussen et al. 1990). In this context, POP data and 
trends generated from biomonitoring programs have the potential to provide significant 
insight to the framework of bioenergetics modeling.
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The primary route of POP exposure and accumulation in large aquatic predators is 
via the diet (Russell et al. 1999). The lake trout along with brown (Salmo trutta) and 
rainbow trout (Oncorhynchus mykiss), and chinook, and coho salmon are managed 
populations in Lake Ontario with fisheries management programs maintaining population 
numbers to support extensive recreational fisheries (Brandt 1986; Great Lakes Fisheries 
Commission 1994). The primary prey for these salmonids is the alewife (Alosa 
pseudoharengus) and substantial competition exists among these predators for this forage 
(Brandt 1986). Due to significant changes in growth, abundance and general decreases in 
size and condition of alewives (Rand et al. 1994; O'Gorman et al. 1997), salmonid 
stocking rates have been reduced to maintain a balance between recreational fishing 
demands and preservation of alewife stocks (Great Lakes Fisheries Commission 1994). 
Such management of salmonid stocking rates has also been proposed as a mechanism for 
reducing the accumulation of POPs such as PCBs in fish tissues (Stow 1995; Jackson 
1996,1997). Thus, alewives must be considered as both the primary route of chemical 
exposure and energetic reserve for salmonid predators in Lake Ontario.
Under conditions of high prey densities, surplus consumed energy is stored as 
lipids and the reliance on these reserves to meet metabolic requirements is low (Hawkins 
1985; Jayaram and Beamish 1992). Consequently, specific growth rates are high with 
rapid assimilation of externally acquired energy into growth (Elliot 1976). As food 
availability is reduced, the energetic costs of acquiring prey increases due to extended 
time and energy spent searching for prey. In this situation, somatic lipid reserves are first 
mobilized to supplement the metabolic demands of foraging in a prey limited 
environment (Elliot 1976; Schmidt-Nielsen 1990; He and Stewart 1998). This
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mobilization or turnover of somatic reserves is related to growth rates and is reflected by 
seasonal dynamics in somatic energy density (Houlihan et al. 1988). Additionally, 
changes in metabolic rates and reproductive demands can also alter specific rates of such 
somatic turnover. Tissue turnover can therefore supplement energetic requirements when 
exogenous energy does not meet metabolic demand or contribute to production when 
consumed energy satiates metabolic requirements (He and Stewart 1998).
Lake trout PCB concentrations have declined to a lesser extent than that 
demonstrated for sediment levels in Lake Ontario (Marvin et al. 2003). These different 
trends suggest that chemical elimination in biota is tightly coupled with species and 
population bioenergetics rather than pollutant loadings. The objective of this research 
was to evaluate the potential to use toxicokinetics models as a measure of bioenergetic 
parameters in the Lake Ontario lake trout population. The inherent stability of pollutants 
such as PCBs indicate these compounds will perform as biologically neutral, in situ 
markers of species and potentially population bioenergetics. More importantly, by using 
data collected from wild caught individuals, the results will reflect the energetic 
consequences of a predator tracking and capturing prey in its native habitat. Ultimately, 
this kinetic model will be extremely valuable for deciphering species bioenergetics where 
active long-term pollutant monitoring programs exist.
3.2 Materials and Methods
The Contaminants Surveillance Program conducted by the Department of 
Fisheries and Oceans Great Lakes Laboratory for Fisheries and Aquatic Sciences has 
collected biological data and measured pollutant concentrations in a variety of Great
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Lakes biota since 1977 (Kiriluk et al. 1997). The chemical and biological data used for 
this study were from lake trout specimens collected by this program between 1977-1993 
from the eastern basin of Lake Ontario north of Main Duck Island. Full details of sample 
collection, preparation and chemical analysis procedures have been previously 
summarized (Huestis et al. 1995,1996). Briefly, individuals were measured for length, 
weight and sexed with ages estimated from calcified structures removed from each fish. 
Carcasses were then homogenized whole using a commercial meat grinder and PCB 
analysis was completed using 5g of the homogenate. With the exception of 1979 and 
1985, concentration data were available for all years during the sampling period. Fish 
were categorized into three size classes (Table 3.1) selected to cover approximately 1 kg 
ranges in lake trout mass with biological and chemical data available for 109 individuals 
consisting of 68 males, 39 females and 2 immature specimens. Biological and chemical 
concentration data for each size class were then evaluated to assess trends in lake trout 
condition and calculate in situ elimination rate constants and half-lives for 38 PCB 
congeners in their tissues between 1977-1993.
3.2.1 PCB Congener Kinetics
Due to a significant linear relationship (r = 0.532; p  < 0.001) between lake trout 
body mass and lipid content, PCB congener concentrations were lipid corrected for all 
lake trout. Elimination rate constants (fo) for individual PCB congeners were derived 
from the slopes of the least squares regression of natural log transformed congener 
concentration values plotted across the 1977-1993 sampling period. The calculations can 
be expressed as follows:
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Table 3.1. Summarized biological, EPCB concentration, and elimination rate constant {kj) and half-life (t/2) data for Lake 
Ontario lake trout (Salvelinus namaycush).
Size Class N Lengths
(cm)
(Avg.)
Weights (g) 
(Avg.)
Number of 
Immature 
Fish
Age
Range
(years)
Proportion
Males/
Females
Avg. SPCB 
(ngg '1 wet 
wt.)
Avg. k2  
(year'1)
Avg. t</2  
(years)
<1500g 24 3 5 -5 3(47)
4 5 7 -  1456 
(1125) 2 3-5 13/9 3684.6 0.04 33
1500-
2500g
>2500g
60
25
4 9 -6 5  
(57) 
56.5 -  67.5 
(63)
1519-2485 
(2033) 
2574 -  3825 
(2999)
0
o
4-5
4-5
45/15
10/K
I V /  u
3054.4
4561.9
0.06
0.08
19
1 ^IA
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\n[PCB] = a{year) + b (3.1)
k 2 =\a\ (3.2)
Where [PCB] is the lipid corrected PCB congener concentration with a and b 
representing the regression slope coefficient and constants, respectively. The PCB 
congener elimination rate constant (ki) is reported in units of (year'1). PCB congener half- 
lives (ty2), measured in years, were calculated per eq. 3.3 following first order rate 
kinetics.
tfi = ln(2)/k 2  (3.3)
3.2.2 Bioenergetics Modeling
The relationship between lake trout tissue turnover (t - J - f ’-year'1) and body mass 
followed that calculated by He and Stewart (1998) in eq. 3.4.
t  = 6.85BW00407 (3.4)
With BW  representing lake trout body mass (g). Energy net conversion efficiencies 
(NCE) were calculated as a function of both lake trout mass, converted to total body 
energy, and tissue turnover to growth ratios as described by He and Stewart (1998) in 
eqs. 3.5 and 3.6, respectively.
NCE = \ - Q M B W ° 1723 (3.5)
62
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
NCE = 1.30(r/G )-0'5585 (3.6)
Specific growth rates used in eq. 3.6 for calculation of NCE were those determined for 
age/weight classes of Lake Ontario lake trout reported by Pazzia et al. (2002).
3.2.3 Statistics
All statistics were completed using SYSTAT version 8.0 for windows (Wilkinson
1998). The criterion for significance in all analyses was p  < 0.05.
3.3 Results
Lipid content in all three size classes of lake trout was observed to decline between 1977- 
1993 (Fig. 3.1a). The most rapid change in lipid content (0.7%-yr1 ±0.1%) was observed 
for the intermediate (1500-2500g) size class with losses of lipid content of 0.5%-yr'1 
(±0.2%) and 0.3%-yr'1 (±0.1%) calculated for the largest and smallest size classes, 
respectively. Decreases in lake trout body mass (g - wet weight), however, were 
observed only in the two larger size classes over the study period while the smallest size 
class demonstrated an increase in body mass of approximately lSg-yr'1 (Fig. 3.1b).
For all size classes, PCB congener values were negatively correlated with 
increasing chemical hydrophobicity (log Kow) (Fig. 3.2a). Highest average PCB k2 values 
were observed for the largest lake trout size class with the smallest individuals having, on 
average, the lowest values for the 38 PCB congeners (Table 3.1). With the exception 
of PCB 193, significant differences between all PCB values were demonstrated among
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Figure 3.1. Trends in (a) whole body lipid content and (b) body mass for three size 
classes (<1500g, 1500-2500g, >2500g) of Lake Ontario lake trout (Salvelinus 
namaycush) from 1977-1993. For both panels, individual lake trout lipid content and wet 
weight for the respective size classes are represented the symbols (4 ,o ,A ) with, in 
increasing order of size, the dashed/dotted, dotted and solid lines representing the least 
squares regression lines.
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Figure 3.2. Relationships between PCB congener (a) elimination rate constants (kj) and 
(b) half-lives (t/2) with congener octanol water-partition coefficients (log Kow) among 
three size classes (<1500g, 1500-2500g, >2500g) of Lake Ontario lake trout {Salvelinus 
namaycush). Individual PCB congener elimination rates and half-lives for the respective 
size classes are represented by the symbols ( 4 ,0, A) with, in increasing order of size, the 
dashed/dotted, dotted and solid lines representing the least squares regression lines.
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the three size classes (analysis of covariance; p  < 0.001). One way analysis of variance 
indicated PCB t/t values for the <1500g lake trout size class were significantly longer 
than those calculated for the largest individuals (p = 0.034). No significant differences in 
PCB congener t% values were observed between the <1500g and 1500-2500g size classes 
(p = 0.684) or the 1500-2500g and >2500g size classes (p = 0.209). Significant 
differences (analysis of covariance, p  < 0.005) were also observed between the 
relationships of PCB values with their respective log Kow values for the lake trout size 
classes (Fig. 3.2a).
Highest PCB t/2 values were calculated for the smallest size class with decreases 
in t/2 values reported for increasing lake trout size class (Fig. 3.2b). Although PCB 
congener t/2 values were significantly different between the three lake trout size classes, 
this significance was primarily generated by the difference in t/2 values between the 
smallest and largest size classes only (Tukey’s test,/? = 0.034). Regardless of size class, 
however, PCB t% values increased with increasing congener log Kow.
Best fit log-linear regression of PCB values plotted against the size range of 
lake trout in this study describes a logarithmic curve increasing with body mass (Fig.
3.3). Most importantly, this function describes the same relationship modeled for tissue 
turnover rates in mature lake trout over the size range of individuals (Fig. 3.4a). 
Additionally, the ratio of tissue turnover (t) to PCB value (x:^) describes the 
relationship outlined by He and Stewart (1998) in eq. 3.5 for energy net conversion 
efficiency (NCE) with tissue turnover to growth ratio described for lake trout (Fig. 3.4b). 
These relationships indicate that bioenergetic processes such as tissue turnover and 
energy conversion efficiencies regulate chemical elimination in large aquatic predators.
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Figure 3.3. Relationship between PCB elimination rates (ki) and Lake Ontario lake trout 
(<Salvelinus namaycush) body mass. The solid line represents the best fit log-linear 
regression curve for the data.
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Figure 3.4. (a) Relationships of PCB elimination (ki) and tissue turnover (r) rates with 
Lake Ontario lake trout {Salvelinus namaycush) body mass predicted for mature 
individuals. Solid and dashed lines describe the functions for PCB elimination and tissue 
turnover rates, respectively. Allometric relationship for tissue turnover rates follows that 
previously modeled for mature lake trout by He and Stewart (1998). (b) Relationships of 
energy net conversion efficiency (NCE) and tissue tumover/PCB elimination ratio (x:^) 
with tissue turnover to growth ratio (x:G) in mature lake trout. Solid and dashed lines 
describe the functions for energy net conversion efficiency and tissue tumover/PCB 
elimination ratios, respectively. Tissue turnover to PCB elimination rate values for 
individual fish are represented by (■). Specific growth rates and relationship of energy 
net conversion efficiency with tissue turnover to growth ratios for mature lake trout were 
calculated from existing lake trout bioenergetics models (He and Stewart 1998).
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A combined plot of the NCE and tissue turnover curves described by He and 
Stewart (1998) as a function of lake trout body mass is provided in Figure 3.5a. Plotting 
the ratio for lake trout tissue turnover to PCB values (x-.ki) against lake trout body mass 
with the log-linear curve for k2 with mass (Fig. 3.5b) yielded a strikingly similar 
relationship to that found between the NCE and tissue turnover functions (Figs. 3.5a & 
3.5b). The intersection points for these curves described in figures 3.5a and 3.5b differ 
slightly however. Approximate lake trout mass at the intersection of the NCE and tissue 
turnover functions is ~2100g (Fig. 3.5a). For the plot of the ratio v.k,2  and the log-linear 
curve for against lake trout body mass, however, the point of intersection between the 
two curves is at a body mass of ~1800g (Fig. 3.5b). The differences between these 
intersection points reflect the nature of the tissue turnover function as described in eq. 3.4 
from He and Stewart (1998) and the bioenergetic mechanism that regulates chemical 
elimination in lake trout.
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Figure 3.5. (a) Relationships of net energy conversion efficiency (NCE) and tissue 
turnover rate (x) with Lake Ontario lake trout {Salvelinus namaycush) body mass (He and 
Stewart 1998). Solid and dashed lines represent energy net conversion efficiency and 
tissue turnover rate functions, respectively, (b) Relationships of tissue tumover/PCB 
elimination ratio (x:fo) and PCB elimination (fo) with Lake Ontario lake trout body mass. 
Tissue turnover to PCB elimination rate values for individual fish are represented by (■). 
Solid and dashed lines represent tissue tumover/PCB elimination ratio and PCB 
elimination rate, respectively.
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3.5 Discussion
Considerable changes in the growth and abundance of the Lake Ontario alewife 
population (O’Gorman et al. 1997) and a general decrease in alewife size and condition 
were reported during the sampling period of this study (Rand et al. 1994). This species is 
the primary forage for larger, mature lake trout and substantial competition exists among 
salmonid predators for this prey base in Lake Ontario (Brandt 1986). It has also been 
suggested the Lake Ontario alewife population cannot support high densities of large, 
long lived predators under heavy stocking pressure (Brandt 1986; Rand and Stewart 
1998a, 19986). Therefore, in order to maintain growth rates and lipid content, larger 
(>1500g) lake trout will need to consume additional alewife prey while expending 
additional energy foraging (Elrod et al. 1995). The smallest size class of lake trout, 
however, included individuals considered to be less discriminatory with respect to 
foraging activities exploiting other prey resources including rainbow smelt (Osmerus 
mordax) and slimy sculpins (Cottus cognatus) (Elrod 1983). Combined with the general 
decrease in size and abundance of larger alewives in Lake Ontario from 1978-1990 
(O’Gorman et al. 1997), as size selective predators, the smallest size class of lake trout 
had a more replete forage base to maintain growth. The increase in body mass observed 
for the smallest lake trout indicates that these individuals have been able to forage more 
efficiently than their larger counterparts. The declines in both lipid content and body 
mass observed for lake trout >1500g, however, reveal that an energetic bottleneck 
(Sherwood et al. 2002) in the forage base limits growth and production of these larger 
individuals in Lake Ontario.
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The declines in lipid content reported for all three size classes of lake trout must 
be considered to reflect not only decreased prey energy densities (Rand et al. 1994), but 
also the energetic consequences of foraging in Lake Ontario. Endogenous or somatic 
tissues can be mobilized as an energetic reserve during periods of food limitation to 
supplement energetic demands and can also contribute to production (He and Stewart 
1998). Of the energetic costs required for foraging, searching for prey is considered to be 
the most expensive (Pazzia et al. 2003). With a reduced proportion of larger alewives in 
the forage base (O’Gorman et al. 1997), large lake trout will have fewer encounters with 
preferred prey and spend increased time and energy foraging. Additionally, habitat 
overlap between salmonid predator and alewife prey is temporally limited due to 
confounding effects of thermal stratification requiring predators to search water columns 
consisting of suboptimal and energetically expensive temperature regimes (Roy et al. 
2004). To meet these energetic demands, increased reliance on endogenous energy 
reserves is required, a considerable implication for lake trout existing on a low energy 
diet (Elrod et al. 1995). Under these conditions, mobilization of endogenous reserves 
acts solely to meet such additional energetic costs and will not contribute to endogenous 
production. The decline in body mass reported between 1977-1993 for the two larger 
size classes confirms this consideration. Combined with the declines in lipid content 
shown for lake trout >1500g, these individuals likely spend disproportionate time 
searching a depleted forage base at substantial energetic cost.
The declines in both lipid content and body mass were not, however, observed for 
smaller lake trout <1500g. Food limitation is less likely for these individuals with 
rainbow smelt and slimy sculpins being potential prey in addition to alewives (Elrod
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1983). Having more abundant prey resources increases consumption and decreases the 
reliance on endogenous reserves (Elliot 1976). The smallest size class maintained body 
mass over the study period and this observation confirms the presence of a more robust 
forage base. However, the decrease in lipid content for the smallest size class likely 
reflects combined effects. The decreased energy content reported for Lake Ontario prey 
species (Rand et al. 1994) is partially reflected by the declines in lipid content observed 
for all size classes of lake trout. In larger fish, a portion of this decline is hypothesized to 
be due to lipid mobilization as an energy source supplementing the additional metabolic 
requirements of foraging in a prey limited environment. For the smallest size class, 
however, lipid turnover is likely contributing to endogenous production as evidenced by 
the small increase in lake trout body mass between 1977-1993. These declines in lake 
trout lipid content, however, have not only important consequences regarding conclusions 
about the state of the Lake Ontario forage base, but also result in increased chemical 
concentration gradients that regulate the PCB elimination patterns observed among these 
size classes of fish.
Significant differences ip < 0.005) were observed among the relationships of PCB 
k2  values and their respective log Kow values for the lake trout size classes. This 
significance was likely due to the steeper slope of the regression line calculated for the 
intermediate size class (1500-2500g). The average body mass (2033g) of this size group 
is close to the asymptotic value when specific growth and tissue turnover rates are 
expected to differ substantially from younger, more rapidly growing fish (He and Stewart 
1998). These individuals are also expected to approach the mass and energetic density 
when the onset of reproductive maturity is considered to occur in lake trout populations
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(Stewart et al. 1983). The subsequent growth, development and maturation of gonads 
will increase the specific rate of tissue turnover but complete recycling of endogenous 
reserves into somatic or reproductive tissues is limited (He and Stewart 1998). Thus, a 
loss of the endogenous materials and energy generated by tissue turnover is expected as 
fish mature (He and Stewart 1998). The difference in the relationship between and log 
Kow observed for the intermediate size class therefore reflects the abrupt changes in 
growth rate and metabolic demands of reproductive growth and development and 
compensatory increases in tissue turnover rates. Chemical elimination for these fish 
reflects growth rate and reproductive demand induced by changes in tissue turnover of 
the lipid pool.
General relationships of allometry predict limited chemical elimination from 
tissues in larger, long lived individuals (Trudel and Rasmussen 1997). Surprisingly, the 
results of this study demonstrated higher chemical elimination rate constants for the 
largest individuals (>2500g). The range in total length for individuals from this size class 
included fish that typically consume larger, older alewives from the forage base (Jones et 
al. 1993). With a reduced proportion of these prey in the forage base (Rand et al. 1994), 
large predators in Lake Ontario faced increase competition for this limited resource and 
bioenergetics modeling efforts support this conclusion for lake trout 2500g and larger (He 
and Stewart 1998). Tissue turnover rates are also predicted to increase as fish grow in 
size and increased swimming and foraging activities in a food limited environment 
magnify this effect with an increased loss of body energy expected (He and Stewart 
1998). The higher values calculated for lake trout >2500g are a result of this energetic 
loss where reliance on endogenous energy reserves resulted in a decrease in lipid content.
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These kinetic data demonstrate that chemical elimination in lake trout >1500g is 
primarily a function of the increased chemical concentration gradients resulting from 
lipid mobilization to supplement the energetic costs of foraging in a prey limited 
environment and the metabolic demands of reproductive development.
The low k2  values reported for the smallest size class (<1500g) reflect the lower 
rates of tissue turnover expected for these individuals that Eire not food limited. Since this 
size class is less discriminatory with respect to foraging activities, food limitation is less 
likely and sufficient prey resources satisfy metabolic requirements and supplement 
growth. Therefore, limited loss of endogenous reserves is expected than under conditions 
of reduced prey densities (Elliot 1976). The extended average PCB t -/2 estimate of 33 
years calculated for these individuals describes the retention and recycling of endogenous 
materials into production for the smallest size class as supported by the increased body 
mass observed for this size class between 1977 -1993. This contrasts the shorter average 
PCB t / 2 values of 19 and 12 years calculated for the intermediate and largest lake trout 
size classes whose body mass declined from 1977-1993. Lower tissue turnover rates are 
also predicted for the size range of fish in this class and minimal endogenous energy loss 
is predicted by the lower values determined for these individuals. In contrast to these 
field observations, elimination rates of persistent pollutants in laboratory fish are 
negatively correlated with body size (Trudel and Rasmussen 1997). The trend of 
increased elimination rates in larger lake trout in this study, however, covers less than one 
order of magnitude in size, and is driven by body condition and lipid content of fish. The 
allometric model describing tissue turnover rates for smaller, immature lake trout is 
different to that for mature fish predicting tissue turnover rates up to twice those for the
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larger individuals in this study (He and Stewart 1998). The combined tissue turnover 
trend from immaturity to maturity therefore follows a general decrease during the life 
history of a lake trout (He and Stewart 1998) indicating that in situ PCB elimination in 
mature lake trout is determined by the bioenergetic process of lipid turnover. Under this 
consideration, the low and extended t% values calculated for smaller trout appear to 
reflect a combination of effects including a more robust prey base, lower tissue turnover 
rates and resultant chemical concentration gradients that limit the depuration of these 
chemicals.
Reduced production capacities and conversion efficiencies are predicted for larger 
size classes of Lake Ontario lake trout principally due to the declining status of alewife 
prey (Rand and Stewart 19986). The assimilation of exogenous, or consumed, energy 
into growth and production has been modeled as energy net conversion efficiency (NCE) 
(He and Stewart 1998). Energy net conversion efficiencies are predicted to decrease with 
declines in lake trout growth rate and mass. For larger individuals, the preferred size 
spectrum of alewife prey increases accordingly (Brandt 1986). Mean weights of older 
Lake Ontario alewives, however, dropped from approximately 40 to 20g during the 
course of this study (Rand et al. 1994). With larger alewives constituting an increasingly 
smaller proportion of the preferred forage base, decreased lake trout growth and 
conversion efficiencies are expected for individuals foraging on less than optimal prey 
size (Pazzia et al. 2002). The decreasing NCE trend predicted for larger lake trout 
reflects increased foraging efforts required of these individuals exploiting a suboptimal 
alewife prey base. To meet metabolic demands in this environment, an increased reliance 
on endogenous reserves occurs for large lake trout. In this study, the relationship
76
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
calculated between and lake trout size describes this increased reliance on endogenous 
reserves for individuals >1500g, specifically as the loss of energy due to turnover of the 
lipid pool.
Production is typically a measure of the assimilation of prey energy into predator 
growth. The turnover of endogenous reserves, however, can also contribute to 
production (He and Stewart 1998) but determining the extent of this contribution to 
growth has not been achieved. The turnover rate of the lipid pool, or endogenous energy 
use, is hypothesized to be described by the relationship between k2  and body size. He and 
Stewart’s (1998) modeled specific rate of tissue turnover in eq. 3.4 describes the 
mobilization of total body energy, a combination of the lipid and protein reserves. 
Therefore, the ratio of tissue turnover (x) to k2 , provides an index of endogenous 
production or the proportion of tissue turnover that contributes back to production in lake 
trout. Modeling the ratio of x:fo determined in this study with both lake trout tissue 
turnover to growth ratios (x:G) and increasing size produces the same relationships as 
NCE with these variables. The higher x:fo ratios predicted for smaller, faster growing 
lake trout represent a higher contribution of tissue turnover to production than that 
predicted for larger individuals. Given that these individuals hunt smaller prey, changes 
in the alewife size spectrum will have less consequence with respect to the energetic 
demands of foraging. The decreasing trends of x:£? with both increasing tissue turnover 
to growth ratios and lake trout size demonstrate an increased loss of endogenous energy 
reserves as lake trout age, grow in size but slow down in specific growth rate. The lower 
v.k2  values for larger individuals also indicate increased endogenous reserve mobilization 
due to the increased metabolic demands searching for prey in a food limited environment.
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Modeled gross production of Lake Ontario lake trout has been predicted to 
decrease in successive year classes following age 4 at an body size of ~1800g (Rand and 
Stewart 19986). This size of lake trout describes the intersection of the curves for the 
relationships of and with lake trout size. Lake trout size at the intersection of the 
tissue turnover and NCE functions is slightly larger at ~2100g. The relationship between 
k2  and body size reflects only the rate of lipid turnover whereas the modeled rate of tissue 
turnover in eq. 3.4 describes the turnover rate of total body energy (He and Stewart 
1998). As the relationship between and body size reflects lipid turnover rates, the 
lower intersection of with x:&2 at approximately 1800g reflects the reliance on lipid 
reserves as the primary endogenous energy source under less efficient growth conditions. 
The higher intersection between tissue turnover rates and NCE, however, is likely the 
result of combined effects of the mobilization of lipid and protein reserves. For larger 
fish, suitable alewife prey become limited (Rand et al. 1994), endogenous energy 
demands increase and lipid reserves are rapidly mobilized as reflected by the higher 
values and decreased t :&2 ratios calculated for these fish. In this manner, chemical 
elimination rates for large predators in this system are primarily influenced by the 
bioenergetic constraints resulting from food limitation.
The thermodynamic capacity of POPs such as PCBs to reside in lipid stores 
(Mackay and Paterson 1981) in combination with their refractory nature and general 
resistance to metabolism (Livingstone 1998) infers the suitability of these compounds to 
act as surrogate markers of bioenergetic processes. This kinetic approach using POPs has 
been demonstrated to provide important interpretation of biomonitoring trend data 
(Morrison et al. 2002) and is further supported by the results of this research. PCB
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elimination rates provide in situ measures of tissue turnover rates and can be used to 
describe the proportion of endogenous energy req uired to support metabolism and 
production. Quantifying in situ tissue turnover rates is critical for assessing the 
bioenergetics of natural populations and is also crucial for understanding relationships 
between growth, reproduction and population dynamics (He and Stewart 1998). The 
integration of chemical concentrations and kinetics into bioenergetics modeling yields a 
relatively simple, direct and less resource intensive mechanism to characterize 
bioenergetic processes in complex ecosystems.
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Chapter 4.0 POLYCHLORINATED BIPHENYL ELIMINATION BY YELLOW 
PERCH (PERCA FLA VESCENS) DURING AN ANNUAL TEMPERATURE
CYCLE
4.1 Introduction
Temperature is one of the primary variables regulating aquatic species 
bioenergetics (Kitchell et al. 1977). Physiological processes such as feeding, respiration, 
and fecal egestion rates and ultimately growth are substantially determined by ambient 
temperatures and these will directly control the kinetics of chemical dynamics in 
organisms. Experiments designed to calibrate toxicokinetic parameters for freshwater 
fish often minimize temperature variation and typically employ experimental systems that 
control temperatures to closely coincide with the thermal optima for the species in 
question (Niimi and Oliver 1983; Fisk et al. 1998; Dabrowska et al. 1999). Under natural 
conditions, however, fish experience a range of temperatures within a daily period due to 
behavioral activities including feeding and predator avoidance (Schaeffer et al. 1999). In 
addition, at north temperate latitudes, thermal optima exist for limited periods during the 
year, especially for species considered to occupy cool - warm water, littoral habitats.
Thus, for species whose preferred water temperatures are near or above 20°C, key 
bioenergetic parameters controlling chemical dynamics may only be maximized for a 
short time frame during an annual cycle.
The limited number of studies which have documented temperature relationships 
for hydrophobic organic contaminant toxicokinetics in fish indicate that elimination 
kinetics are positively correlated with temperature (Niimi and Palazzo 1985; Jimenez et 
al. 1987; Niimi 1987; Fisk et al. 1998; Buckman et al. 2004). However, it has also been 
suggested that toxicokinetic relationships developed under constant temperature
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conditions may differ from those determined under fluctuating temperatures such as those 
experienced or selected by fish in nature (Spigarelli et al. 1983). These discrepancies 
occur because the bioenergetic response to temperature change can differ depending on 
whether such changes are abrupt or allow for an acclimatized response (Griffiths 1977). 
Since most aquatic species experience a range of temperatures on a daily basis, there is a 
need to develop toxicokinetic datasets which have been measured under thermal 
conditions representative of those experienced by a species in their natural environment. 
Little or no information currently exists on chemical dynamics for fish experiencing the 
daily, seasonal, and annual temperature cycles characteristic of north temperate latitude 
lakes and rivers. Growth potentials for fish are predicted to be maximized when prey 
densities and thermal optima overlap, an event that occurs only briefly throughout the 
annual cycle in such systems (Roy et al. 2004). This suggests that maximum bioenergetic 
potentials are also only reached during a limited period of the year, primarily in the 
summer and fall when optimal environmental conditions for growth exist (Norstrom et al. 
1976; Kitchell et al. 1977; Henderson et al. 2000; Roy et al. 2004). Less is known about 
species bioenergetics and associated chemical dynamics during the overwintering period. 
Bioenergetic models predict little or no growth for cool - warm water fish during winter 
months suggesting that chemical kinetics are also minimized during this time (Norstrom 
et al. 1976; Kitchell et al. 1977; Henderson et al. 2000). Alternatively, changes in 
proximate composition, as related to losses or gains in whole body lipid content, can 
influence chemical partitioning between central and storage compartments of the animal 
and further modify chemical kinetics (Leney et al. 2006).
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Yellow perch (Perea flavescens) have been relatively well studied for both 
bioenergetics modeling purposes (Kitchell et al. 1977; Schaeffer et al. 1999) and in 
chemical accumulation and depuration experiments (Norstrom et al. 1976; Dabrowska et 
al. 1999). Additionally, this species inhabits cool to warm water environments with a 
preferred temperature of approximately 23°C (Kitchell et al. 1977) and is widely 
distributed throughout northern temperate latitude systems (Scott and Crossman 1973).
In this study, juvenile yellow perch were dosed with a polychlorinated biphenyl (PCB) 
mixture and allowed to depurate the chemicals over a one year period while held under 
ambient temperature and photoperiod conditions. The purpose of this research was to 
establish seasonal and long-term patterns of chemical elimination in an aquatic species 
while held under natural conditions and associated temperature variability. It is 
hypothesized that chemical elimination rates will be maximized during periods when 
bioenergetic processes are optimized, and therefore chemical toxicokinetics in freshwater 
fish can be used as tracers of metabolic rate in calibrated species.
4.2 Materials and Methods
4.2.1 Fish Husbandry
Juvenile yellow perch fingerlings (Table 4.1) averaging 8.3 ± 0.4 g (mean ± 
standard error) were obtained from an aquaculture facility (Leadley Environmental Inc., 
Essex, ON, Canada) and acclimated to a 5000L recirculation system holding tank prior to 
the initiation of the experiment. The experimental tank was located in an outdoor 
greenhouse facility maintained under ambient environmental temperature and
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Table 4.1. Weight, growth rate and hepatosomatic index (HSI) data (mean ± 1 standard error) of juvenile yellow perch 
{Perea flavescens) dosed with Aroclor® technical mixture.
Weight (g) Growth Rate (10'3 • d 1) HSI (%)
Treatment Od 365 d 0 - 60 d 60 - 300 d 300 - 365 d 0 - 365 d Od 365 d
Control 8.7 ± 1.7 24.8 ± 1.4 6.1 ±0.9 2.6 ±0.1 3.7 ±0.3 4.2 ± 0.4 2.4 ±0.1 1.4 ±0.1
Dosed 10.1 ±2.2 27.4 ±3.2 4.7 ± 1.0 2.1 ±0.2 4.2 ± 0.3 3.4 ±0.3 2.1 ±0.3 1.6 ±0.2
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photoperiod conditions. Water condition was maintained with a biological filtration 
system exchanging the tank volume four times daily with an ultraviolet light source 
placed on the tank inflow to minimize bacterial contamination. Filtration tanks were 
backwashed weekly with approximately 35% of the tank volume replaced with 
aquaculture pond water at a temperature within 2°C of the experimental tank temperature. 
Daily water temperature readings were recorded with individual temperature loggers 
(Hoskin Scientific, Burlington, ON, Canada) placed in the experimental tank with water 
quality parameters (pH, dissolved oxygen, oxidation/reduction potential, conductivity) 
measured weekly (Hydrolab™, Campbell Scientific Corp., Edmonton, AB, Canada).
Fish were measured for total length and weight and were dosed by intraperitoneal 
injection with a 1:1:1 mixture of Aroclors® 1248:1254:1260 dissolved in safflower oil 
(Drouillard et al. 2001). An oil dosing volume of 1.25 pL-g'1 was used to achieve 
nominal day 0 concentrations of approximately 2000 ng-g'1 wet wt. EPCBs. Control fish 
were injected with an equal volume of clean safflower oil containing no PCB solution 
and the soft ray portion of the dorsal fin was clipped on these individuals. Fish were fed 
a daily maintenance ration (1.5% wet weight) of commercial fish food (Martin Mills Inc. 
Elmira, ON, Canada) throughout the course of the study.
Control and dosed fish were collected at days 0, 5, 10, 30, 60,120,180,240, 300, 
330, & 365 of the experiment with day (d) 0 of the study occurring June 21, 2003. Five 
control and experimental fish were collected at each sampling date. Total and fork 
lengths, sex, gonad, liver and body weights were measured at sampling and fish were 
processed as soon as possible following collection. Individuals of similar size and sex 
were pooled to generate sufficient sample mass for contaminant extraction and a total of
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three replicate samples for each sampling date. Samples were ground into a whole body 
homogenate using a stainless steel blender. Animals were maintained and handled 
following the Canadian Council for Animal Care Guidelines.
4.2.2 PCB Analysis
Analytical methods are described in detail in Lazar et al. (1992). Briefly, sample 
homogenates (~2.5 g) were ground with Na2SC>4 and spiked with three 13C-PCB recovery 
standards (IUPAC 37, 52, and 153). The homogenates were packed in glass columns 
containing 50 mL of 1:1 hexane-dicholormethane, allowed to stand for 1 h., followed by 
elution with another 250 mL of extraction solvent. Extracts were concentrated to 
approximately 10 mL and a 1 mL portion of the sample was removed for gravimetric 
lipid determination with the remaining extract cleaned up by gel permeation 
chromatography followed by florisil chromatography (O'Rourke et al. 2004). Extracts 
were concentrated to 1 mL, capped in 2 mL gas chromatograph (GC) vials, and stored at 
4°C until instrumental analysis. Method blanks and an in house reference homogenate 
(Detroit River carp) were co-extracted every batch of five samples. Recoveries for the 
three internal standards averaged 102 ± 0.9% and samples were not corrected for 
recovery.
PCB analyses were completed on a Hewlett-Packard 5890 GC equipped with a 
5972 mass selective detector (MSD) and a HP-7673 autosampler. Detection limits for 
PCB congeners ranged from 0.1 - 0.3 ng-g'1 wet weight. PCB concentrations in blanks 
were near or below detection limits and sample correction was not necessary. SPCB 
concentrations for the in-house reference homogenate averaged 3517 ± 107 ng-g'1 wet wt.
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and were in compliance with the Great Lakes Institute for Environmental Research 
analytical laboratory's quality assurance guidelines (mean ± 2 standard deviation).
4.2.3 Data Analysis
The polynomial function describing the temperature profile throughout the 
duration of the experiment was determined using the non-linear regression module in 
SYSTAT (Wilkinson 1998). The regression analysis was run through multiple iterations 
to achieve optimal fit to the data. All statistical analyses were completed using SYSTAT 
version 8.0 for windows with a criterion for significance ofp <  0.05.
Specific growth rates (g) between sampling events were calculated using the 
following growth model (Ricker 1979):
g  = {Ln(BW^ /m ) l t \  (4.1)
where BWq was the average weight (grams) of the fish at the initiation of the experiment, 
BW, the average weight of the sampled fish at the time of sampling and t was the number 
of elapsed days. To correct for any growth dilution of chemical concentrations between 
individual fish, measured concentrations at each sampling date were corrected for growth 
by multiplying by a factor of (1 + g  x /) (Fisk et al. 1998).
Initial plots of natural log transformed congener concentration data over time 
indicated three distinct chemical elimination periods over the duration of the study, 
specifically the periods from days 0 - 60, 60 - 300, and 300 - 365. These periods are 
herein defined as the summer, fall/winter, and spring elimination periods, respectively.
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Consequently, elimination rate constants (kn) for individual PCB congeners were derived 
from the slopes of the least squares regression of natural log transformed congener 
concentration values across these sampling periods. Elimination rate constants were 
calculated using growth corrected (kg) and uncorrected {kj) PCB congener concentration 
data. An elimination rate constant was also calculated for the entire experimental 
duration (0 - 365 d). Detectable concentrations of many PCB congeners were measured 
in control fish. For these congeners, the average concentration measured in control fish 
over the summer, fall/winter and spring periods of the experiment were subtracted from 
the concentrations measured in the dosed fish. The general elimination rate constant 
calculations can be expressed as follows:
Where [PCB] is the lipid, control, and growth corrected/uncorrected PCB congener 
concentration with a and b representing the regression slope coefficient and constants, 
respectively. The PCB congener elimination rate constant is reported in units of per day. 
PCB congener half-lives (t/2) and times to 95% of steady state (to .9 5), measured in days, 
were calculated per eqs. 4.4 and 4.5, respectively, following first order rate kinetics.
In [PCB] = a(t) + b (4.2)
(4.3)
(4 .4)
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Average concentrations measured at each sampling event were used to determine 
elimination rate constants. Congeners were also categorized into metabolized or 
persistent groups based on their pattern and degree of chlorination. Metabolized PCBs 
are typified by the absence of chlorine substitution at the meta-para site on at least one of 
phenyls rings of the congener (Drouillard 2000). For persistent PCBs, chlorine 
substitution is present at either of the 4,4', 3,4',5, 3',4,5' or 3,3',5,5' sites on the phenyl 
rings. Log Kow values reported for all congeners were from Hawker and Connell (1998).
Water temperature was observed to decrease significantly during days 60 - 300 (p 
< 0.001) and increase significantly from days 300 - 365 (p < 0.001). To correct for 
potential significance of temperature on the magnitude of elimination rate constant values 
calculated for these two elimination periods, the congener elimination rate constants were 
adjusted using the elimination rate constant determined for the congener during days 0 - 
60 through multiplication by a factor of (1 - k„) where kn represents the elimination rate 
constant determined for days 0 - 60. Water temperature averaged 23.2 ± 0.5°C for the 
first 60 d of the experiment and did not exhibit any significant decline over this period (p 
= 0.719).
4.2.4 Bioenergetics Modeling
The yellow perch bioenergetics model developed by Kitchell et al. (1977) was 
used to predict changes in bioenergetic processes including consumption, specific
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dynamic action, fecal egestion, excretion, respiration, and growth rates (g-g'I-d'1) as 
influenced by the water temperature that yellow perch Experienced throughout the course 
of the experiment. Winberg (1956) described the fate of consumed energy into three 
basic pathways as outlined in eq. 4.6:
C = G + R + W  (4.6)
where the sum total of consumed energy (Q  is allocated towards growth (G), respiration 
(R) and that lost in waste products (W), specifically fecal (F) and excretory (E) losses. 
Consumption was modeled as a function of the maximum weight specific consumption 
rate (Cmax) as influenced by water temperature (rc) and ration (P) (Kitchell et al. 1977).
C = Cmix-P-rc (4.7)
with maximum weight specific consumption rate described by the allometric relation in 
eq. 4.8.
Cm^ a xB W b' (4.8)
Respiration rate was modeled similarly as a function of body weight (Rmsx - 
a2 BW bl), activity (A), water temperature (rR) and specific dynamic action (SDA).
R = Rnax 'A -rR + SDA (4.9)
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An activity multiplier of 1 was used to simulate laboratory determined activity respiration 
(Kitchell et al. 1977) and specific dynamic action was modeled as a constant proportion 
(0.15) of consumption less energy lost via fecal egestion (Hewett and Johnson 1992).
Fecal egestion (F) and excretory (E) losses were modeled as proportions of 
feeding rate and water temperature as described below;
F ,E  = C -a T p -eYP (4.10)
with a, P, and y representing a separate set of regression constants for the temperature 
dependence of fecal egestion and excretion and P as outlined above. Growth rates from 
the bioenergetics calculations were determined by solving eq. 4.6 for growth (G). 
Definitions and values for each variable in the above equations are provided in Table 4.2 
(Kitchell et al. 1977). Optimum and maximum temperatures describing the temperature 
dependence of each bioenergetic relation were those described by Kitchell et al. (1977) 
for juvenile yellow perch. Model simulations were initiated using the average body mass 
measured for juvenile perch at day 0. The polynomial function describing changes in 
water temperature over the course of the experiment was used to estimate daily water 
temperatures for the calculations describing the water temperature dependence of 
consumption, respiration, fecal egestion, and excretion (Kitchell et al. 1977).
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Table 4.2. Bioenergetic equation symbol definitions and values used for yellow perch 
(Perea flavescens). Symbols and values are those reported by Kitchell et al. (1977).
Bioenergetic
process
(reference
equations)
Symbol Variable description Model
value
Consumption (Q Intercept for maximum consumption 0.25
b, Slope for maximum consumption -0.27
(4.7, 4.8) T0 Optimum temperature for consumption (°C) 
juveniles and adults
23
Tm Maximum temperature for consumption (°C) 
juveniles and adults
28
Q Slope for temperature dependence of 
consumption (~Qio)
2.3
Respiration (R) a2 Intercept for maximum standard respiration 0.035
b2 Slope for maximum standard respiration -0.20
(4.9) To
Tm
Q
Optimum temperature for standard respiration 
(°C)
Maximum temperature for standard 
respiration (°C)
Slope for temperature dependence of standard 
respiration (~Qio)
28
33
2.1
SDA Specific dynamic action coefficient 0.15
Fecal egestion (F) 
(4.10)
0 .1 Intercept for proportion of consumed food 
egested
0.158
fii Coefficient for egestion vs. temperature -0.222
li Coefficient for egestion vs. feeding level 0.631
Excretion (E) 
(4.10)
0 .2 Intercept for proportion o f consumed food 
excreted
0.0292
P2 Coefficient for excretion vs. temperature 0.58
72 Coefficient for excretion vs. feeding level -0.299
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4.3 Results and Discussion
Under an annual temperature cycle typical of northern temperature latitudes (Fig. 
4.1a), PCB elimination by yellow perch occurred only during the spring and summer 
months when average daily water temperatures were near or above 20°C. Elimination 
rate constants (kg) calculated for all 72 PCB congeners were highest during the summer 
elimination period with the corresponding half-lives for both metabolized (r2  = 0.886) 
and persistent congeners (r2  = 0.394) being positively correlated with chemical log Kow 
(Fig. 4.2a; Table 4.IS). Half-lives for persistent PCBs averaged 61 d during this period 
and were significantly higher than the average half-life of 48 d determined for 
metabolized congeners after correction for chemical hydrophobicity ip < 0.001). Daily 
water temperatures averaged 23.2 ± 0.5°C and did not change significantly (p = 0.719) 
across this time period. Additionally, no significant changes in lipid content in either 
control {p = 0.079) or dosed ip = 0.452) fish were observed during the first 60 d of the 
study (Fig. 4.1b).
During the fall/winter period spanning days 60 - 300, water temperature declined 
significantly ip < 0.001) until 260 d when it was observed to begin to increase to summer 
optimal temperatures approaching 23°C by 365 d. Water temperature averaged 6.8 ± 
0.3°C during the fall/winter period and elimination was observed for only 6 PCB 
congeners. PCB half-lives during this period ranged from 310 d to >1000 d with no 
elimination of congeners of log Kow >5.6 observed. Excluding congeners with half-lives 
>1000 d, the average congener half-life during this period was 565 ± 104 d. No 
elimination of persistent congeners was observed during the fall/winter period. Lipid 
content in dosed perch declined from 10.9 ± 0.4% at 60 d to an experimental low of 6.2
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Figure 4.1. (a) Average daily water temperature profile recorded across duration of 
experiment. Values are arithmetic means o f  4 daily readings. Curve represents the best 
fit polynomial (r2 = 0.942) for average daily water temperature, (b) Average lipid content 
of control and dosed yellow perch {Perea flavescens) at time of sampling. Values 
represent arithmetic means of 5 fish. Error bars in both panels represent ± 1 standard 
error.
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Figure 4.2. (a) PCB congener half-lives ( t % )  during the summer (0 - 60 d), fall/winter 
(60 - 300 d), and spring (300 - 365 d) experimental periods. Half-life values were 
calculated using the elimination rate constants derived from growth corrected PCB 
congener concentration data ( k g ) .  (b) Ratio of 95% time to steady state concentration 
values ( to .  95)  for growth corrected and uncorrected PCB congener concentration data. The 
t o .95  values were calculated using the elimination rate constants derived across the entire 
study duration (0 - 365 d) using the growth corrected ( k g )  and uncorrected ( k j )  PCB 
congener concentration data. Solid and open symbols in both panels represent persistent 
and metabolized PCB congeners, respectively.
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± 0.2% by 300 d. From 300 - 365 d, water temperatures increased from 13.0 ± 0.7°C to
21.2 ± 1.7°C and averaged 19.1 ± 0.4°C across this period. Elimination was observed for 
68 of the detectable congeners during the spring and, for metabolized congeners, half- 
lives were within a factor of 4 for those calculated during the initial 60 d, regardless of 
chemical log Kow. Half-lives for persistent congeners of log Kow < 6.5 during the spring 
averaged 2.7 times those calculated for these congeners during the summer period of the 
study. However, for persistent congeners of log Kow >6.5, half-lives were up to 12 times 
longer (PCB 195) and were on average 3.3 times the half-life values calculated from 
summer elimination rates. By 365 d, yellow perch lipid content had increased to 9.2 ± 
0 .6%.
When elimination rate constants were calculated across the entire duration of this 
study, only PCB congeners 18 and 19 had half-lives < 100 d and the shortest half-life 
calculated for any persistent PCB congener was > 200 d. Further, PCB congeners of log 
Kow > 6.5 displayed negligible elimination under an annual temperature cycle with half- 
lives typically exceeding 1000 d, regardless of chlorination pattern. Using the 
elimination rate constants derived from the growth rate corrected ( k g )  and uncorrected 
(£2) congener concentration data to compare the significance of growth on 95% steady 
state values ( t o . 95)  yielded a similar hydrophobicity effect (Fig. 4.2b). For both 
metabolized and persistent congeners of log Kow < 6.5, the average ratios between growth 
corrected and uncorrected to .95 values were identical at 1.2. However, for congeners of 
log Kow > 6.5, the t o .95 ratios averaged 2.0 and 4.1 for metabolized and persistent PCBs, 
respectively, and also demonstrated a positive relationship with log Kow. Such 
relationships suggest that for congeners of log Kow < 6.5, elimination proceeds via similar
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mechanisms regardless of chlorination pattern. For more hydrophobic congeners of 
higher log Kow, elimination will primarily be through growth dilution with persistent 
congeners being less affected by growth than more readily metabolized ones.
PCB congeners 44, 118, and 180 were chosen to illustrate these changes in 
elimination patterns and compare to the predicted trends for bioenergetic processes across 
an annual temperature cycle. Half-lives for PCBs 44, 118, and 180 ranged from 43 - 70 d 
during the first 60 d of the experiment while (Fig. 4.3a), with the exception of growth, 
maximum values for all bioenergetic functions were predicted during this period (Fig. 
4.3b). Each of the bioenergetic processes were also predicted to average 99% of their 
optimum rates during the summer. All of the bioenergetic functions were predicted to 
decline substantially coincident with the decrease in water temperature observed after 60 
d and each of these processes averaged < 55% of their maximum rates during the 
fall/winter. All of the modeled bioenergetic processes were predicted to reach their 
lowest rates during the fall/winter. PCB 44, 118, and 180 concentrations, per unit lipid, 
were observed to increase during the fall/winter with no elimination observed for these 
congeners during this period. As water temperature rose during the final 65 d, all 
bioenergetic rates were predicted to increase to 99% of maximum by study termination 
but averaged < 90% of optimum during these days with excretion and respiration 
averaging only 74% and 73% of their respective maximum rates. Elimination of PCBs 
44 118, and 180 was observed during this early spring period but half-lives were higher at 
88,180, and 340 d, respectively, than calculated during the first 60 d of the experiment in 
the summer.
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Figure 4.3. (a) Concentration (mean ± standard error) profiles for PCB congeners 44, 
118, and 180 across summer (0 - 60 d), fall/winter (60 - 300 d), and spring (300 - 365 d) 
elimination periods. Dashed, solid, and dotted lines represent best fit linear regressions 
for PCB congeners 44, 118, and 180, respectively, during each elimination period. Thick 
curve represents the polynomial function describing average daily water temperature 
across the experimental duration, (b) Modeled bioenergetic profiles for yellow perch 
{Perea flavescens) fecal egestion, excretion, growth, respiration, and consumption rates 
and specific dynamic action across experimental duration. In both panels, vertical bars 
provided to clarify elimination periods, shaded area (300 - 330 d) represents time frame 
when perch spawning and egg release observed.
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The PCB elimination rates observed for perch during the summer period were 
very close to those observed for these chemicals by Fisk et al. (1998) in rainbow trout 
held at 12°C. However, when reared at 8°C, PCB half-lives for rainbow trout have been 
found to be approximately double those reported for the fish held at the higher 
temperature (Buckman et al. 2004). A half-life range of 79 - 95 d has been reported for 
PCB 153 by perch held at 20°C (Dabrowska et al. 1999) which compares well with a 
half-life of 63 d for PCB 153/132 during the initial 60 d of the current study. Rainbow 
trout are considered a cold water species typically occupying 12 - 20°C waters with a 
preferred temperature of 11°C (Coker et al. 2001). Perch, however, are a cool - warm 
water species inhabiting 20 - 28°C waters with a bioenergetic optimum temperature of 
23°C (Hokanson 1977; Kitchell et al. 1977; Coker et al. 2001). These results not only 
indicate that different species held close to their respective thermal optima can eliminate 
PCBs at similar rates, but also that minor changes in these respective preferred 
temperatures may be sufficient to change chemical elimination rates. Beyond the initial 
60 d of this study, however, PCB elimination patterns differed substantially than those 
expected under controlled laboratory conditions.
The primary mechanisms of chemical elimination include fecal egestion, growth 
dilution, and loss across respiratory surfaces (Clark et al. 1990). These elimination routes 
are all driven by species bioenergetics which, in perch, are closely linked to seasonal 
temperature cycles (Norstrom et al. 1976; Kitchell et al. 1977; Henderson et al. 2000).
The seasonal periods when PCB elimination was observed in this study coincided with 
the annual period from mid-April to late August, a time frame when fecal egestion, 
respiration, and growth rates were predicted to be within 15% of their respective maxima.
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Norstrom et al. (1976) predicted similarly that the majority of annual respiration and 
consequently chemical accumulation by Ottawa River yellow perch occurred during the 4 
month period from May to September, coincident with summer maximum temperatures. 
Lake Erie perch consumption, respiration, and growth rates are also predicted to be 
maximized during the late spring and summer months (Kitchell et al. 1977). Such model 
predictions suggest that much of chemical bioaccumulation kinetics should occur during 
this limited annual period when rate processes are maximized. Additionally, although 
offered a low maintenance ration, perch were not observed to feed at water temperatures 
< 10°C and this species does not typically exhibit growth below this range (Malison 
2000). Growth was reported during the fall/winter season (Table 4.1), but the lack of 
PCB elimination during this period suggests that the bioenergetic processes which are 
directly related to consumption including growth dilution, fecal egestion, and excretion 
effectively shutdown at cold temperatures and cease to facilitate chemical elimination. 
More significantly, these results indicate that chemical kinetics track these predicted 
bioenergetic changes and that the extrapolation of laboratory determined rate constants 
may vastly underestimate the processes occurring under natural conditions.
Additional factors potentially contributing to PCB elimination include losses due 
to maternal depuration to eggs (Russell et al. 1999) and metabolic transformation (Clark 
et al. 1990; Buckman et al. 2004). Spawning and egg release were observed by perch 
between 300 - 330 d, however, lipid content of egg masses was <1.3%  with congener 
concentrations near detection limits and no corrections were made for egg concentrations. 
The experimental design did not separate control from dosed fish thus the collected eggs 
likely represented a composite from both treatment groups. Further, juvenile perch were
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used in this study and may not have fully sexually matured by study termination. The 
release of the appropriate hormones during spawning is demonstrated to deplete adipose 
triglyceride stores presumably for egg development (Takashima et al. 1972) and, if not 
sexually mature, this biochemical control may not have occurred. Such physiology may 
account for the low lipid and PCB content of eggs collected from perch in this study. 
Half-lives for meta-para unsubstituted PCBs were lower than those calculated persistent 
type congeners during the summer period indicating potential biotransformation occurred 
for these more readily cleared congeners. However, over an annual cycle, this difference 
was minimal in comparison to such seasonal variability suggesting metabolic 
biotransformation contributes minimally to long term chemical elimination patterns.
The results of this study demonstrate that the annual cycles and variability in 
water temperature at northern temperate latitudes have substantial impact on chemical 
dynamics in aquatic biota, especially so for chemicals of log Kow >6.5. More 
importantly, under an annual temperature cycle, chemical half-lives typically exceeded 
1000 d and such slow kinetics dictate that extended time frames are expected for 
organisms to reach steady state levels with environmental and dietary concentrations of 
these chemicals, even in young, rapidly growing individuals. Such temperature effects 
are even more important for persistent type PCBs which tend to have higher potential for 
biomagnification (Fisk et al. 1998; Drouillard 2000). This also supports the conclusion of 
Coristine et al. (1996) that congener profiles of aquatic biota will change over time with 
persistent and potentially more toxic congeners, such as co-planar PCBs, becoming an 
increasing proportion of the body burden over successive cold water periods. For 
northern temperate latitudes, the fall and winter seasons encompass up to eight months of
104
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the year and much of species metabolism is predicted to occur in the remaining four 
months (Norstrom et al. 1976; Kitchell et al. 1977; Heiiderson et al. 2000). This study 
demonstrates that understanding the overwintering kinetics of hydrophobic chemicals 
will be crucial for determining the processes affecting their food-web bioaccumulation.
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4.5 Supporting Information
Table 4.IS. Growth corrected elimination rate constants (kg) and half-lives (/y2) (± SE) for 72 PCB congeners in yellow perch during 
summer (0 - 60 d), fall/winter (60 - 300 d), and spring (300 - 365 d) temperature cycles.
Elimination rate constant8 
(10'2 • d '1) -
Half-life3
(d)
Congener K b Group0 0-60a 60-300 300-365 0-365 0-60 60-300 300-365 0-365
PCB 19 5.02 m 3.5 ± 0.3 0.2 ± 0.3 2.7 ±0.1 0.9 ±0.1 20 ± 1.9 310 ± 357 26 ± 0.3 80 ± 13
PCB 18 5.24 m 2.7 ± 0.2 0.1 ±0.2 2.6 ±0.6 0.7 ±0.1 26 ± 1.8 482 ± 698 26 ±5.8 96 ± 18
PCB 17 5.25 m 2.0 ± 0.4 0.1 ± 0.2 1.6 ± 0.1* 0.5 ±0.1 35 ± 6.3 730± 1403 44 ± 1.8 130 ±24
PCB 24/27 5.40 m/m 2.6 ± 0.2 <0.1 2.7 ± 0.1* 0.7 ±0.1 26 ± 1.9 >1000 26 ± 0.2 106 ±21
PCB 16/32 5.30 m/m 2.5 ±0.2 0.1 ±0.2 1.9 ±0.2 0.6 ±0.1 28 ± 2.8 737± 1529 37 ±4.5 117 ±22
PCB 26 5.66 m 2.3 ± 0.2 N/Ae 1.2 ±0.1* 0.4 ±0.1 31 ±2.9 N/Ae 59 ± 0.2 179 ±44
PCB 25 5.67 m 1.6 ±0.4 N/A 1.4 ± 0.1* 0.4 ±0.1 42 ± 11 N/A 51 ±0.3 198 ±49
PCB 31/28 5.67 m/p 1.9 ±0.3 N/A 1.1 ±0.1 0.3 ±0.1 36 ±5.0 N/A 65 ± 3.1 205 ± 52
PCB 33/20 5.59 m/m 2.1 ±0.3 <0.1 1.2 ±0.1 0.4 ±0.1 32 ±3.9 >1000 57 ±5.7 167 ±37
PCB 22 5.58 m 1.7 ±0.7 N/A 1.3 ±0.1* 0.4 ±0.1 41 ± 16 N/A 54 ± 0.5 186 ±44
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PCB 206 8.09 P 0.8 ±0.7 N/A 0.1 ±0.1* <0.1 82 ±72 N/A 764± 127 >1000
PCB 209 8.18 P 1.3 ±0.8 N/A N/A N/A 53 ±34 N/A N/A N/A
a Elimination rate constants (kg) and half-lives (tvj calculated according to first order kinetics. See Materials and Methods for calculations. 
b Log Kow values from Hawker and Connell (1988).
c Congeners categorized into metabolized (m) or persistent (p) based on chlorination pattern (Drouillard et al. 2001). 
d Experimental period in days with day 0 occurring June 21, 2003.
e Elimination rate constant and half-life values denoted as N/A indicate no elimination observed during experimental sampling period.
* Standard errors calculated to be <0.1.
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Chapter 5.0 LONG-TERM POLYCHLORINATED BIPHENYL ELIMINATION 
BY THREE SIZE CLASSES OF YELLOW PERCH (PERCA FLA VESCENS)
5.1 Introduction
Allometric models for physiological processes such as consumption, respiration, 
and growth are used to quantify negative relationships with increasing body size (Peters 
et al. 1996). These correlations suggest that, for older, larger individuals, toxicokinetic 
parameters such as chemical elimination rates will be slow and will significantly increase 
the time required for animals to achieve steady state with environmental concentrations. 
The primary mechanisms considered to result in a reduction of aquatic species' chemical 
body burden include growth dilution, fecal egestion, and loss across respiratory surfaces 
(Connolly and Pedersen 1988; Clark et al. 1990). Growth dilution, however, should not 
be recognized as a true chemical elimination pathway as no loss of body burden occurs 
through this biological process. Fecal egestion and respiration are species specific 
bioenergetic processes that adhere to general rules of allometry (Kitchell et al. 1977) and 
would thus be predicted to facilitate minimal chemical depuration with increased body 
size. However, experiments conducted to calibrate toxicokinetic parameters in 
freshwater fish are usually based on young, small individuals (Fisk et al. 1998;
Dabrowska et al. 1999; Buckman et al. 2004) due to their wider availability and lesser 
degree of animal husbandry required for these life-stages. This proposes that for species 
whose bioenergetic rates rapidly asymptote with increased size, toxicokinetic rate 
constants are not appropriately calibrated to describe chemical accumulation processes.
Existing literature investigating the significance of animal body size on chemical 
toxicokinetics often fail to consider the importance of body size and associated
115
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relationships with biological rate processes (Niimi 1987; Hendriks 1995; Trudel and 
Rasmussen 1997). Young, small individuals are observed to undergo considerable 
changes in body mass even over shorter term (6 months) toxicokinetic experiments 
(Coristine et al. 1996) and chemical elimination rate constants determined in such studies 
therefore represent an integrated estimate for the range of body mass realized through the 
study. Further, variability in growth rates and associated species bioenergetics contribute 
significantly to the variable chemical accumulation patterns observed within age classes 
of wild fish (Madenjian et al 1994; Simoneau et al. 2004). Bioenergetic processes such as 
growth also demonstrate punctuated changes in response to resource availability and 
seasonal temperature cycles (Roy et al. 2004) rather than the continuous condition 
expected under laboratory settings. For juvenile fish, such highly variable rate processes 
likely contribute additional error in the calibration of toxicokinetic rate constants. These 
factors complicate the extrapolation of lab derived toxicokinetic rate constants to natural 
fish populations and confound estimates of contaminant bioaccumulation in older, larger 
individuals that are often of the greatest concern to risk assessments.
Positive relationships between chemical hydrophobicity, measured as the octanol- 
water partition coefficient (log Kow), and their respective half-lives have been established 
for a variety of organisms spanning a range of body sizes (Niimi and Oliver 1983; de 
Boer et al. 1994; O'Rourke et al. 2004). Such correlations, combined with allometry, 
suggest for an individual species that the slope of this relationship will become 
significantly more positive with increasing animal size and the potential that highly 
hydrophobic compounds will display little or no elimination in larger individuals. 
Modeling efforts support the latter hypothesis with little or no elimination of extremely
116
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hydrophobic compounds (log Kow > 6.9) expected to occur (Sijm and Van der Linde 
1995). Half-lives of > 1000 d were calculated for polychlorinated biphenyls (PCBs) of 
log Kgw ~ 6.5 and higher in large (900 g) rainbow trout (Oncorhynchus mykiss) (Niimi 
and Oliver 1983). For juvenile rainbow trout, half-lives on the order of 100 - 200 d have 
been determined in this hydrophobicity range (Fisk et al. 1998; Buckman et al. 2004). 
These results support the hypothesis of negligible elimination in larger individuals and 
suggest that the increased degree of biomagnification and proportions of more 
hydrophobic chemicals measured in large apex predators from aquatic food-webs may be 
more a function of differences in growth rates between trophic levels (Oliver and Niimi 
1988). Quantifying the relationships between fish body size and contaminant elimination 
will be beneficial for understanding chemical accumulation within species populations 
and will help to discern the relative importance of processes determining the food-web 
biomagnification of environmental pollutants.
The objective of this study was to compare the elimination rates of 72 PCB 
congeners over a one year period among three size classes of yellow perch {Perea 
jlavescens) spanning approximately an order of magnitude in body size. The log Kow 
range of the congeners used in this study accurately represents the profiles of those 
commonly detected in environmental samples and also encompasses the hydrophobicity 
range of most environmental pollutants. Further, chemical toxicokinetic experiments are 
typically of shorter duration ( 3 - 6  months) and may not allow for the inclusion of 
important developmental changes such as sexual maturation and reproduction into the 
experimental design. It has been predicted that such an increase in body size will result 
in an approximate three fold decrease in chemical elimination rates with little or no
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elimination of the more hydrophobic congeners expected for the larger individuals (Sijm 
and Van der Linde 1995). By simultaneously studying PCB elimination in three perch 
size classes over a one year period, much of the variability and difficulties associated 
with the completion and comparison of multiple experiments becomes minimized and 
chemical toxicokinetic relationships can be developed to include size and physiology 
related changes in bioenergetics exhibited by feral populations.
5.2 Materials and Methods
5.2.1 Fish Husbandry
A total of 462 yellow perch were obtained from a local aquaculture farm (Leadley 
Environmental Inc., Essex, ON, Canada). Fish were measured for total length, weight 
and reared in two 5000L recirculation tanks. Individuals ranged in mass from 2 -  287 g 
(Table 5.1) and fish > 20 g in mass were uniquely identified with passive integrated 
transponder tags (PIT) tags (EIDAP Inc., Sherwood Park, AB, Canada) implanted into 
the intraperitoneal cavity. All fish smaller than 20 g were maintained in one of the 
experimental tanks with larger individuals held in the second tank in order to avoid 
potential cannibalism. Both of the experimental tanks were kept in an outdoor 
greenhouse facility with fish exposed to ambient environmental and photoperiod 
conditions. Four daily water temperatures measurements were recorded using individual 
temperature loggers (Hoskin Scientific, Burlington, ON, Canada) submersed in each tank. 
Water quality parameters including, pH, dissolved oxygen, oxidation-reduction potential, 
and conductivity were measured weekly (Hydrolab™, Campbell Scientific Corp., 
Edmonton, AB, Canada). Fish were fed a low daily maintenance ration (1.5%) of
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Table 5.1. Average weight, growth rate and hepatosomatic index (HSI) data for yellow perch (Perea Jlavescens) treatment groups. 
Values indicate mean ± 1 standard error. Growth rates were calculated as per Ricker (1979).
Size class Treatment
Average weight 
(g)
Average growth rates 
(10‘3 ■ d '1)
HSI
(%)
Od 365 d 0 - 60 d 60 - 300 d 300 - 365 d 0 - 365 d Od 365 d
Small Control 8.7 ± 1.7 24.8 ± 1.4 6.1 ±0.9 2.6 ±0.1 3.7 ±0.3 4.2 ± 0.4 2.4 ±0.1 1.4 ±0.1
Dosed 10.1 ±2.2 27.4 ±3.4 4.7 ± 1.0 2.1 ±0.2 4.2 ± 0.3 3.4 ±0.3 2.1 ±0.3 1.6 ±0.2
Medium Control 33.0 ±6.9 46.3 ± 1.4 1.1 ± 1.7 1.3 ±0.4 0.4 ± 0.2 1.1 ±0.8 1.5 ±0.2 1.7 ±0.3
Dosed 45.9 ± 13.4 57.5 ± 12.3 0.3 ± 0.6 0.6 ±0.3 0.6 ± 0.2 0.2 ±0.3 2.5 ± 0.4 2.0 ±0.4
Large Control 82.7 ±5.2 91.2 ±4.1 -0.2 ±0.5 0.2 ± 0.2 0.3 ±0.1 0.1 ±0.2 2.4 ± 0.4 1.8 ±0.3
Dosed 86.7 ± 9.7 87.7 ±4.5 1.1 ± 1.8 -1.2 ±0.5 -0.2 ± 0.3 0.3 ± 0.8 2.3 ± 0.2 2.2 ±0.3
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commercial fish food over the duration of the study (Martin Mills Inc. Elmira, ON, 
Canada).
5.2.2 Fish Dosing and Sampling
A dosing solution consisting of a 1:1:1 mixture of Aroclor® PCB standards 
(1248, 1254, & 1260; Drouillard et al. 2001) dissolved in safflower oil was injected into 
the intraperitoneal cavity of each fish. Fish were dosed at a volume of 1.25 pl-g"1 to 
achieve a day 0 concentration of 2000 ng-g'1 (wet wt EPCBs). Log Kow values for each 
congener are those reported by Hawker and Connell (1988). Control fish were injected 
with a similar volume of clean safflower oil containing no PCB solution and the soft ray 
portion of the dorsal fin was clipped on these individuals.
Using the unique PIT tag identifier codes, size classes of perch were determined 
by ranking, in order of mass, and subdividing fish larger than 20 g into two experimental 
groups. Individuals <20 g maintained in the separate experimental tank constituted the 
smallest size class of fish. Dosed and control treatment groups were removed from the 
experimental tanks at days 0, 5,10, 30,60, 120, 180,240, 300, 330, & 365 of the 
experiment with day (d) 0 of the study occurring on 21 June, 2003. For the smallest size 
class, five dosed and five control fish were collected at each sampling date with three fish 
of each treatment group collected for the two larger size groups. Fish were immediately 
euthanized in a clove oil/ethanol solution and placed in ice filled coolers. Immediately 
upon return to the laboratory, fish were processed for total and fork lengths, sex, gonad, 
liver and body weights. Individual fish > 20 g were individually ground into a whole 
body homogenate using a stainless steel blender. For the smallest size class, individuals
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of similar size and sex were pooled to generate sufficient sample mass for contaminant 
extraction and a total of three replicates. Animals were maintained and handled following 
the University of Windsor's Animal Care Committee Guidelines throughout the duration 
of the study.
5.2.3 PCB Analysis
Full details of the analytical procedures are described in Lazar et al. (1992).
Briefly, approximately 2.5 g of the whole body homogenate was ground in a glass mortar
and pestle containing 35 g sodium sulfate to remove residual water. This mixture was
transferred to glass columns containing 50 ml of 1:1 dichloromethane (DCM) - hexane
extraction solution. Samples were spiked with 100 pi of an internal recovery standard
solution consisting of three 13C PCB congeners (PCBs 37, 52, & 153 at 200 ngT1). An
additional 250 ml aliquot of the DCM-hexane extraction solution was added to the
columns and allowed to stand for 1 h prior to elution. Extracts were concentrated to
approximately 10 ml with a 1 ml portion removed for gravimetric lipid determination.
Lipid content of the remaining extracts were removed through gel permeation
chromatography and samples were cleaned up for PCB analysis through Florisil
chromatography (O'Rourke et al. 2004). Extracts were concentrated to 1 ml and
transferred to 2 ml gas chromatograph (GC) vials for storage at 4°C until instrumental
analysis. Extraction procedures were completed for an in house reference standard
(Detroit River carp) and method blanks with every five samples. Sample recoveries for 
11the three C internal standards averaged 98 ± 0.6 % and samples were not corrected for 
recovery.
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PCB analyses were performed on a Hewlett-Packard (HP; Hewlett Packard 
Company, Palo Alto, CA) 5890 GC equipped with a 5973 mass selective detector (MSD) 
and an HP-7673 autosampler. Samples were run through a 60 m x 0.25 pm DB-5 
chromatography column (Chromatographic Specialties, Brockville, ON, Canada) with an 
injection port temperature of 250°C. Injection volume was 2 pi (splitless) into He carrier 
gas at a flow rate o f 1 ml-min'1 with N2 as the make-up gas at the detector. The oven 
temperature was programmed to start and hold at 90°C for 3 min and ramp to 150°C at a 
rate of 7°C-min'1, then increase at 3°C-min"1 to 280°C and hold at the final temperature for 
5.1 min. Total run time was 1 h. The MSD was run in selected ion monitoring mode for 
the molecular ion of PCBs. PCBs were identified and quantified against a well 
characterized 1:1:1 Aroclor® 1242-1254-1260 PCB standard. Detection limits for PCB 
congeners ranged from 0.1 -  0.3 ng-g'1 (wet wt.).
5.2.4 Data Analysis
Statistical analyses including analysis of variance (ANOVA) and analysis of 
covariance (ANCOVA) were completed using SYSTAT version 8.0 for Windows 
(Wilkinson 1998) with a criterion for significance o fp  < 0.05 used in all cases. The non­
linear regression module of SYSTAT was used to determine the polynomial functions 
describing the temperature and lipid content profiles throughout the duration of the 
experiment (Fig. 5.1). Multiple iterations of the regressions were completed to achieve 
optimal fit to the data. Probability plots were used to test data for normality with the 
appropriate transformations completed where necessary.
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Figure 5.1. (a) Average daily tank water temperature profiles recorded across duration 
of experiment. Values are arithmetic means of 4 daily readings. Curve represents the best 
fit polynomial (r2 = 0.942) for average daily water temperature, (b) Average lipid 
contents of small, medium, and large, polychlorinated biphenyl dosed yellow perch 
(Perea Jlavescens) size classes at time of sampling. For small perch, values represent 
arithmetic means of 5 fish, for medium and large size classes, values are means of 3 fish 
each. The solid, dashed and dotted lines represent the best fit polynomials describing the 
changes in lipid content of small, medium, and large sized perch, respectively, over the 
duration of the experiment. Error bars in both panels represent ± 1 SE.
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The fish growth model of Ricker (1979) (eq. 5.1) was used to calculate specific 
growth rates (g; d '1) between sampling events (Table 5.1):
where BWq was the average weight (grams) of the fish at the initiation of the experiment, 
BWt the average weight of the sampled fish on the day of collection and t was the number 
of elapsed days. PCB concentrations measured in fish were corrected for growth dilution 
at each sampling date by multiplying by a factor of (1 + g  x t) (Fisk et al. 1998).
Three distinct chemical elimination periods were identified over the duration of 
the study, specifically the periods from days 0 - 60, 60 - 300, and 300 -  365, and are 
herein defined as the summer, fall/winter, and spring elimination periods, respectively. 
Elimination rate constants (ki) were derived for individual PCB congeners from the 
slopes of the least squares regression of natural log transformed congener concentration 
values across these sampling periods. An elimination rate constant was also calculated 
for the entire experimental duration (0 - 365 d). Control fish had detectable 
concentrations of many PCB congeners. For these congeners, the average concentration 
measured in control fish over the summer, fall/winter and spring periods of the 
experiment were subtracted from the concentrations measured in the dosed fish. A 
general equation describing the calculation is expressed as follows:
(5.1)
\n[PCB} = a{t) + b (5.2)
k2 = \a\ (5.3)
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Where [PCB] is the lipid, control, and growth rate corrected PCB congener concentration 
with a and b representing the regression slope coefficient and constants, respectively.
The PCB congener elimination rate constant (fo) is the absolute value of the slope
congener were determined using the average congener concentration reported at each 
sampling event. Half-lives (/>,), measured in days, were also calculated for each PCB 
congener as per eq. 5.4 following first order rate kinetics (Table 5.IS).
Significant changes in water temperature were observed between 60 -  300 d (p < 
0.001) and 300 -  365 d (p < 0.001). To correct for potential significance of temperature 
on the magnitude of chemical elimination during these two experimental periods, the 
congener elimination rate constants calculated for the fall/winter and spring periods were 
adjusted using the elimination rate constant determined for each congener during days 0 - 
60 through multiplication by a factor of (1 - kj) where hi represents the elimination rate 
constant determined for days 0 - 60. An average water temperature of 23.2°C (±0.5°C) 
was recorded for the first 60 d of the experiment but did not exhibit any significant 
decline over this period (p = 0.719).
coefficient (a) and is reported in units of (day'1). Elimination rate constants for each PCB
(5.4)
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5.2.5 Bioenergetics Modeling
The bioenergetics model developed by Kitchell et al. (1977) for yellow perch was 
used to predict changes expected in biological rate processes for each perch size class 
over the duration of the experiment due to the influences of body size and water 
temperature. The processes modeled included consumption, respiration, fecal egestion, 
excretion, and growth rates and also specific dynamic action. Briefly, the basic 
bioenergetic model defined by Winberg (1956) describes the fate of consumed energy 
into three basic pathways:
where the total consumed energy (Q  is designated to be the metabolic costs associated 
with respiration (R) and waste products (fV), while growth (G) represents the available 
energy once these metabolic costs/losses are accounted for. Consumption (C) was 
modeled as a function of the maximum weight specific consumption rate (Cmax) as 
regulated by water temperature (rc) and food ration (p):
Maximum weight specific consumption rate is described by the allometric relation in eq.
C = G + R + W (5.5)
C = Cm3x-p -rc (5.6)
5.7.
(5.7)
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Respiration rate was modeled in a similar maniler as a function of body weight 
(BW) (i?max - a2B W b2), activity (A), water temperature (o?) and specific dynamic action 
(SDA).
R = Rm* x-4 'rR +SDA (5.8)
An activity multiplier of 1 was used to simulate laboratory determined activity respiration 
(Kitchell et al. 1977) and specific dynamic action was modeled as a constant proportion 
(0.15) of consumption less energy lost via fecal egestion (Hewett and Johnson 1992).
Fecal egestion (F) and excretory (E) losses were modeled as proportions of 
feeding rate and water temperature as described below:
F ,E  = CB -aT f i -e ^  (5.9)
with a, p, and y representing a separate set of regression constants for the temperature 
dependence of fecal egestion and excretion and P as outlined above. Growth rates from
the bioenergetics calculations were determined by solving eq. 5.5 for growth (G).
Definitions and values for each variable in the above equations are provided in Table 5.2 
(Kitchell et al. 1977). Optimum and maximum temperatures describing the temperature 
dependence of each bioenergetic relation were those described by Kitchell et al. (1977) 
for juvenile and adult yellow perch. Model simulations were initiated using the average 
body mass for each perch size class measured at day 0 with the polynomial function
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Table 5.2. Bioenergetic equation symbol definitions and values used for yellow perch 
(Perea Jlavescens). Symbols and values are those reported by Kitchell et al. (1977).
Model
value
Consumption (C) a/ Intercept for maximum consumption 0.25
bi Slope for maximum consumption -0.27
(5.6,5.7) T0 Optimum temperature for consumption (°C) 23
juveniles and adults 
Tm Maximum temperature for consumption (°C) 28
juveniles and adults 
Q Slope for temperature dependence of 2.3
consumption (~Qio)
Respiration (R) 0 2  Intercept for maximum standard respiration 0.035
b2  Slope for maximum standard respiration -0.20
(5.8) T0 Optimum temperature for standard respiration
(°C) 28
Tm Maximum temperature for standard
respiration (°C) 33
Q Slope for temperature dependence of standard
respiration (~Qw) 2.1
SDA Specific dynamic action coefficient 0.15
Fecal egestion (F) ai Intercept for proportion of consumed food 0.158
egested
(5.9)
Pi Coefficient for egestion vs. temperature -0.222
yi Coefficient for egestion vs. feeding level 0.631
Excretion (E) a2  Intercept for proportion of consumed food 0.0292
excreted
(5.9)
@ 2  Coefficient for excretion vs. temperature 0.58
y2  Coefficient for excretion vs. feeding level -0.299
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describing changes in water temperature over the course of the experiment used to 
estimate daily water temperatures for the calculations describing the water temperature 
dependence of consumption, respiration, fecal egestion, and excretion (Kitchell et al. 
1977).
5.3 Results and Discussion
PCB elimination rates by yellow perch were negatively correlated with body size 
and a significant hydrophobicity effect was observed whereby chemicals of log Kow >6.5 
displayed little or no elimination over an annual period in perch of body size > 50g (Fig. 
5.2; Table 5.IS). Even during the summer period when water temperatures were optimal 
(Fig. 5.1), an effect of body size was observed where PCB elimination rates for the 
smallest perch (x  = 10.1 g; X(k2) = 0.016 d '1) averaged approximately three times those 
calculated for medium sized individuals ( x = 45.9 g; X(k2) = 0.006 d '1) and were almost 
four-fold higher than those determined for the largest fish (x = 86.7 g; x ^ 2) = 0.004 d '1).
Further, for the largest perch, minimal elimination of congeners of log Kow > 6.5 was 
observed during this period. These results are in agreement with the conclusions of Sijm 
and Van der Linde (1995) who predicted that an order of magnitude increase in body size 
would result in such decreases of chemical elimination rates and that negligible 
elimination of high log Kow chemicals would be observed in larger individuals.
Three PCB congeners (PCBs 52,101, & 180) were used to contrast the 
elimination profiles observed for the three perch size classes across the duration of the 
experiment (Fig. 5.3). These patterns were also compared to predicted changes in 
respiration and fecal egestion as estimated by the bioenergetics model. Elimination was
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Figure 5.2. Relationships between polychlorinated biphenyl (PCB) congener elimination 
rate constants (kj) and yellow perch {Perea Jlavescens) body mass during summer (0 - 60 
d) elimination period and between predicted rates for perch respiration (R) and fecal 
egestion (F) rates with body mass. Specific rates for respiration and fecal egestion were 
predicted separately by the yellow perch bioenergetics model outlined by Kitchell et al. 
(1977) and dashed curve represents the sum of these two bioenergetic processes. Solid 
curved line describes non-linear, allometric relationship between average PCB 
elimination rate constant and perch body mass.
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Figure 5.3. Concentration (mean ± SE) profiles for PCB congeners 52, 101, and 180 measured across summer (0 - 60 d), fall/winter (60 - 300 d), 
and spring (300 - 365 d) elimination periods in small (a), medium (b) and large (c) yellow perch (Perea flavescens) size classes. In each panel, solid, 
dashed, and dotted lines represent best fit linear regressions for PCB congeners 52, 101, and 180, respectively, during elimination periods. Thick, 
solid curve indicates sum of respiration (R) and fecal egestion (F) rates predicted for perch size classes by the bioenergetics model of Kitchell et al. 
(1977). Vertical bars provided to clarify summer (0 - 60 d), fall/winter (60 - 300 d), and spring (300 - 365 d) elimination periods.
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observed during the summer for all three size classes coincident with bioenergetic rates 
predicted to be > 97% of maximum. PCB half-lives calculated during this period were 
positively with congener log Kow (Fig. 5.4), however, elimination of all 72 detectable 
congeners was observed only in small perch. Chemical half-lives for small perch ranged 
from 20 - 87 d and averaged 56 ± 2 d with bioenergetic rates predicted to be the highest 
of all size classes during the summer. For medium and large perch, elimination occurred 
for 52 and 44 congeners, respectively, with half-lives averaging >1000 d for congeners of 
log Kow > 6.5 in these size classes and no elimination of congeners of log Kow > 6.7 
observed for large perch. Elimination of such high log Kow congeners occurred in 
medium perch, however, half-lives typically exceeded 1000 d with a shortest half-life of 
369 d calculated for PCB 199 (log Kow = 7.2) in this hydrophobicity range. For the 44 
congeners in common to medium and large perch, half-lives averaged 344 ±103 d and 
490 ± 162 d, respectively.
Minimal PCB elimination occurred during the fall/winter period, regardless of 
perch body mass. Only 6 PCBs demonstrated elimination from 60 - 300 d in small perch 
and these congeners were all of log Kow < 5.6. Additionally, half-lives for these 
congeners averaged > 1000 d with a value of 310 d reported for PCB 19, the least 
hydrophobic congener detected. This congener was the only PCB displaying elimination 
during the fall/winter in both medium and large perch with respective half-lives of 209 
and 390 d. Bioenergetic rates were predicted to decline to their lowest levels during the 
fall/winter for all three size classes. During the spring period, PCB elimination was again 
observed for all three perch size classes. The bioenergetics model predicted increases in 
respiration and fecal egestion with the increased spring water temperatures. Bioenergetic
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Figure 5.4. Relationships between polychlorinated biphenyl (PCB) congener half-lives 
and octanol-water partition coefficients (log Kow) for small, medium and large yellow 
perch {Perea flavescens) size classes over the (a) summer elimination period (0 -  60 d) 
and (b) over the duration of the experiment (0 -  365 d). In panel (b), solid, dashed, and 
dotted lines represent multiple linear regressions calculating PCB elimination rate 
constants in small, medium, and large perch, respectively. Half-lives calculated from 
elimination rate constants (kj) as per eq. 5.4.
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rates were modeled to average < 90% of the maxima predicted for the spring in 
comparison to an average of > 97% modeled for the summer period. For the smallest 
perch, elimination of 70 congeners was detected, however, half-lives during the spring 
averaged 256 ± 31 d and were up to 12 fold longer than those calculated during the 
summer elimination period. Elimination rates of PCBs by both medium and large size 
perch were significantly (p < 0.001; ANCOVA) higher in the spring than observed during 
the summer with elimination of all congeners observed for these size classes. All PCB 
half-lives for medium and large perch during the spring were < 100 d and the average 
PCB half-life for medium size perch was 61 ± 2 d with an average half-life of 71 ± 2 d 
calculated for large perch during this period. Half-lives for medium perch were 
significantly shorter (p < 0.001; ANCOVA) than those calculated for the larger perch 
during the spring period.
When calculated over the entire study duration (0- 365 d), PCB elimination rates 
were slow and half-lives averaged > 500 d for all three size classes (Fig. 5.4; Table 5.IS). 
In small perch, elimination was observed for 69 of the 72 congeners with an average half- 
life of 3374 d. For medium size perch, elimination was observed for only 27 of the total 
congeners, with no elimination for congeners of log Kow > 6.5 evident. Half-lives for 
these 27 congeners averaged 6903 d in comparison to an average of 377 d for these PCBs 
in small perch. In the largest perch, elimination occurred for only 11 congeners with no 
significant elimination of congeners of log Kow > 5.7. For these 11 congeners that 
exhibited significant elimination in all three size classes, half-lives averaged 154,180, 
and 505 d in increasing order of size.
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For hydrophobic chemicals, growth dilution, fecal egestion, and loss across the 
respiratory surface are considered the primary mechanisms resulting in the elimination of 
the body burden (Connolly and Pedersen 1988; Clark et al. 1990; Sijm et al. 1992). Fecal 
production rates in fish are tightly coupled with consumption and, under wild conditions, 
yellow perch are predicted to consume a maintenance ration during the overwinter 
months (Kitchell et al. 1977). In this study, perch were not feeding when water 
temperatures declined below 10°C proposing that chemical loss through fecal egestion 
should be negligible in all size classes during the fall/winter seasons. The declines in 
lipid content for all three perch size classes during the fall/winter period demonstrates the 
reliance on this energetic reserve and provides evidence for the absence of feeding. Lipid 
and energy content depletion during overwinter periods is not uncommon for perch 
species (Henderson et al. 2000; Eckmann 2004) and similar losses of fat reserves occur in 
other species to meet energy requirements during periods of hibernation, starvation, and 
physiological transformation (MacDonald et al. 2002; Leney et al. 2006). The most 
significant trend over the fall/winter period, however, was the increase in chemical 
concentration per unit lipid for each of the perch size classes.
Lipids are the primary tissue where hydrophobic organic pollutants are 
accumulated in biological organisms and represent the capacity of an animal to 
accumulate these chemicals (Mackay and Paterson 1981). When lipids are mobilized as 
an energetic resource, chemical concentrations per unit lipid mass, or fugacity, increase 
resulting in an elevated potential for the chemical to partition from lipid reserves into the 
bloodstream (de Freitas and Norstrom 1974). This mobilization of chemical may result 
in potential loss across the respiratory surface, however, during the fall/winter period, gill
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ventilation rates will be exceedingly low but still dependent on the allometry of 
respiration (Norstrom et al. 1976). Small perch were able to eliminate marginally higher 
log Kow congeners and half-lives for PCB 19 during the fall/winter period increased with 
perch size providing evidence for the allometry of elimination, even during such a cold 
water period. Most significantly, this lack of elimination occurred during a period of 
significant lipid depletion that generated the highest chemical fugacities for the higher log 
Kow congeners. The absence of PCB elimination, especially for high log Kow congeners, 
has been observed in starvation induced silver eels {Anguilla anguilla) (Duursma et al. 
1991) and in non-feeding, metamorphosing green frog {Rana clamitans) tadpoles (Leney 
et al. 2006). Such a lack of elimination has been attributed to the decline in metabolic 
activity associated with starvation (Duursma et al. 1991). Yellow perch metabolic rates 
are predicted to decrease to near basal levels as water temperatures decline in the fall and 
winter (Norstrom et al. 1976; Kitchell et al. 1977). Combined with allometric effects, 
larger poikilothermic species are therefore expected to exhibit minimal chemical 
elimination during the overwinter period.
The study simultaneously investigated differences in chemical elimination among 
multiple size classes of a fish species. The results presented here conform to predictions 
of very slow elimination rates for larger fish (> 50+ g) and the lack of elimination of very 
high log Kow (> 6.5) chemicals by these larger individuals (Niimi and Oliver 1983; de 
Boer et al. 1994; Sijm et al. 1995). More importantly, however, the results of this study 
were generated under environmental conditions representative of that experienced by 
yellow perch under natural conditions, and therefore provide important insight into 
understanding food-web biomagnification of persistent organic pollutants such as PCBs.
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Aquatic food-webs are typically defined by increasing body size with trophic 
position and the allometry of growth rates is well established (Peters et al. 1996). As 
growth rates are negatively correlated with trophic position, growth must be considered a 
limited contributor to chemical dilution in large apex predators. Growth dilution is most 
important for high log Kow chemicals (Connolly and Pedersen 1988) and this study has 
demonstrated that, in the absence of growth, larger individuals have very slow 
elimination rates for these chemicals. Minimal chemical elimination occurred during the 
fall/winter seasons for all three perch size classes that was at best explained by slight 
differences in the allometry of respiration during such a coldwater period. More 
importantly, the overwinter depletion of lipid reserves generates a fugacity increase that 
may negate the outcomes of chemical elimination achieved by larger individuals during 
the spring and summer seasons. Thus, due to the water temperature dependence of 
species bioenergetic processes, the length of the overwinter period and may be crucial for 
the extent o f biomagnification observed in aquatic food-webs. For poikilothermic 
species, long overwinter periods are expected to generate significant increases in 
chemical potential due to the limited feeding and reliance on somatic lipid reserves that 
occurs during this time. Coupled with the allometric effects observed in this study, this 
proposes that much of the food-web biomagnification phenomenon is associated with 
species bioenergetics and seasonal temperature cycles.
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S.5 Supporting Information
Table 5.1S. Growth corrected half-lives (tyf for 72 polychlorinated biphenyl congeners in three yellow perch {Perea flavescens) size
Congener V  c
0 - 6 0 b
Half-lives3
(d)
300 -  365b 0 -  365b
Small Medium Large Small Medium Large Small Medium Large
PCB 19 5.02 20 27 41 26 N/Ad 17 80 112 77
PCB 18 5.24 26 39 54 26 18 32 96 110 215
PCB 17 5.25 35 56 109 44 30 37 130 122 316
PCB 24/27 5.40 26 39 62 26 32 32 106 144 229
PCB 16/32 5.30 28 44 70 37 26 35 117 96 249
PCB 26 5.66 31 52 72 59 40 43 179 232 668
PCB 25 5.67 42 82 207 51 39 45 198 191 691
PCB 31/28 5.67 36 70 105 65 46 45 205 264 900
PCB 33/20 5.59 32 55 94 57 44 41 167 201 472
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PCB 207 7.74 43 N/A 147 457 88 125 >1000 N/A N/A
PCB 206 8.09 82 N/A N/A 764 100 121 >1000 N/A N/A
PCB 209 8.18 53 N/A N/A N/A 66 109 N/A N/A N/A
a PCB congener half-lives (t/) calculated according to first order kinetics. See Materials and Methods for calculations. 
b Experimental period in days with day 0 occurring June 21,2003.
0 Log Kow values from Hawker and Connell (1988).
d Elimination rate constant and half-life values denoted as N/A indicate no elimination observed during experimental sampling period.
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Chapter 6.0 GENERAL DISCUSSION
While many toxicokinetic models recognize the' importance of bioenergetic 
processes for predicting chemical accumulation in aquatic species (eg. Connolly and 
Pedersen 1988; Clark et al. 1990; Sijm et al. 1992), the consideration of chemical 
concentrations and kinetics in fish as a manifestation of species bioenergetics provides a 
novel interpretation of persistent organic pollutant (POP) dynamics in aquatic systems. 
For POPs such as polychlorinated bipheyls (PCBs), the results of this thesis demonstrate 
that their biomagnification in freshwater fish primarily represents the allometry and 
poikilothermy of species bioenergetics. Such an interpretation of PCB bioaccumulation 
as representing the efficiency of energy acquisition and assimilation is an important 
progression for understanding the mechanisms leading to chemical biomagnification in 
aquatic food-webs, as this phenomenon is ultimately a measure of energy assimilation 
efficiency from prey to predator among the various trophic links of an aquatic food-web.
The primary aim of this thesis was to demonstrate that species bioenergetics are 
reflected by PCB concentrations and their kinetics in freshwater fish. PCBs were chosen 
due to the wide range of hydrophobicities exhibited by individual congeners and their 
tendency to accumulate in tissue lipids, the primary energetic reserve in aquatic species. 
Chapter 2.0 compared PCB concentrations and nitrogen stable isotope signatures (815N) 
in multiple age classes of rock bass and bluegill sunfish to evaluate which of these two 
ecological tracers’ kinetics are best described by species bioenergetics. The energetics of 
lipid turnover and energy conversion efficiencies in Lake Ontario lake trout were 
described in chapter 3.0 using PCB elimination rates determined from wild caught 
individuals. Freshwater fish species bioenergetics are highly regulated by water
147
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temperature and allometry (Kitchell et al. 1977) and the significance of these two 
parameters on PCB elimination rates in yellow perch were evaluated in chapters 4.0 and 
5.0, respectively. Much of the results of this these studies demonstrate that PCB 
concentrations and their kinetics in freshwater fish reflect age, size, and temperature 
dependent changes in species bioenergetics.
6.1 Bioenergetics-Based Fugacity Model.
A goal of this thesis was to apply the principles of fisheries bioenergetics for 
describing PCB kinetics in freshwater fish species and a bioenergetics-based fugacity 
model describing the elimination of a chemical dose from an organism was outlined in 
chapter 1.0 (eq. 1.16). The elimination experiments completed in chapters 4.0 and 5.0 
provided the essential data for the application of this model with respect to the seasonal 
temperature and lipid content profiles generated over the course of these experiments. 
Based on this data and yellow perch bioenergetics, the change in chemical fugacity and 
the potential for elimination over the duration of these experiments can be predicted by 
the bioenergetics-based fugacity model.
6.2 Model Implementation
Toxicokinetic models consider growth, respiration and waste losses through 
fecal egestion as the primary biological processes reducing the body burden of an aquatic 
species (Connolly and Pedersen 1988; Clark et al. 1990; Sijm et al. 1992). Using the 
bioenergetic profiles for these three parameters as generated in Chapter 5.0 and the 
annual lipid trends for the three perch size classes, a year long simulation of the predicted
148
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changes in chemical fugacity expected for three PCB congeners (52,110 & 180) was 
completed using the bioenergetics-based fugacity model outlined in Chapter 1.0 (eq. 
1.16).
6.3 Model Implications
Figure 6.1 provides a plot of the change in fugacities predicted for these PCB 
congeners over an annual period for the three perch size classes studied in Chapter 5.0. 
Of significance is the increase in chemical fugacity predicted for the overwinter period 
between 60 -  300 d. During this coldwater period, the smallest perch were predicted to 
experience the lowest increase in fugacity with medium and large perch effectively 
experiencing similar magnitude increases in fugacity. Such increases in fugacity during 
the overwinter period indicate that the rate of loss of tissue capacity (i.e., lipid) exceeded 
that for the depuration rates of the PCBs (Leney et al. 2006). The less significant 
fugacity increase predicted for small perch demonstrates that these individuals 
maintained higher rates of PCB elimination relative to medium and large size perch 
during the overwinter period.
For biomagnification to occur, the rate of chemical uptake must exceed that for 
elimination (Connolly and Pedersen 1988). The absence of chemical biomagnification in 
smaller fish has been attributed to a combination of physiological characteristics 
including rapid growth rates, large gill surface area to volume ratios, and high chemical 
elimination relative to uptake ratios (Sijm et al. 1992; Sijm and Van der Linde 1995; 
Olsson et al. 2000). Chapter 2.0 demonstrated that PCB accumulation by young-of-the- 
year and juvenile fish is best described by chemical uptake via water based
149
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(0Q.
H*.
5
(a) PCB 52
—  Small 
- - M e d .
• • • Large
4
3
2
1
0
0 60 120 180 240 300 360
(0Q.
•?O
5
(b) PCB 110
4
3
2
1
0
0 60 120 180 240 300 360
(0
6
(c) PCB 180
4
3
2
1
0
0 60 120 180 240 300 360
Time (days)
Figure 6.1. Predicted fugacity profiles for PCB congeners (a) 52, (b) 110, and (c) 180 for 
small ( x  — 10.1 g), medium ( x  = 45.9 g) and large ( x  = 86.7 g) yellow perch (Perea  
flavescens) over an annual temperature cycle. Daily fugacities were modeled as per eq. 
1.16 outlined in Chapter 1.0 with daily temperature and lipid content values predicted 
from the respective polynomial functions for these variables determined in Chapter 5.0. 
Henry's law constants and log Kow values used in fugacity calculations were those 
reported for each congener by Mackay et al. (1992) and Hawker and Connell (1988), 
respectively.
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bioconcentration mechanisms and that these individuals had achieved steady state 
with environmental and dietary concentrations. The PCB elimination experiments in 
Chapters 4.0 and 5.0 clearly demonstrated that small fish (x < 10 g) are those most 
likely to reach steady state under ambient environmental conditions. For medium and 
large sized perch, however, average PCB half-lives calculated over the one year 
duration of the experiment predicted that these individuals will become effectively 
infinite sinks for highly hydrophobic (log Kow > 6.5) chemicals during their lifetimes. 
The PCB half-lives determined for Lake Ontario lake trout in Chapter 3.0 correspond 
to an average time frame of > 50 years for these fish to reach 95% steady state levels 
(to.9 5 ) for such high log Kow compounds. Additional studies have demonstrated 
similarly that larger individuals (> 200g) are unlikely to achieve steady state with 
dietary and environmental levels of increasingly hydrophobic chemicals during the 
animal's lifetime (Wszolek et al. 1979; Oliver and Niimi 1983; Catalan et al. 2004). 
Such results propose that smallest and shortest lived species of a food-web such as 
primary producers and zooplankton have the potential to achieve steady state during 
their lifetimes. Consequently, food-web models based on such kinetics may 
underestimate the potential for chemical biomagnification in top predators.
The bioenergetics-based fugacity model describes changes in fugacity of an 
assimilated PCB dose only. Under natural conditions, PCB exposure through dietary 
uptake will occur at the same time as depuration when water temperatures approach 
the preferred range for feeding. The results of Chapter 5.0 demonstrated that larger 
perch have minimal capacity for chemical elimination, even during periods of optimal 
water temperatures when feeding rates are predicted to be maximized. As these
151
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individuals enter the overwinter period, the mass of chemical accumulated during 
spring/summertime feeding is expected to have exceeded any mass lost via 
elimination. Therefore, the overwinter period has the potential to generate even 
greater fugacity increases than those predicted for medium and large perch by the 
bioenergetics-based fugacity model trends depicted in figure 6.1. As fish grow to 
larger body sizes and bioenergetic rates asymptote to maintenance growth levels, 
successive overwinter periods will result in fish becoming further removed from 
reaching steady state.
In aquatic food-webs, predators are typically larger than their prey and body 
size provides a general index of trophic position (Borgmann 1982). Growth 
efficiencies are predicted to be negatively correlated with predator-prey size ratios 
and decrease faster in predators feeding on smaller prey resulting in a lesser degree of 
consumed energy being converted into predator production (Kerr 1971a, 19716; 
Pazzia et al. 2002). Borgmann and Whittle (1983) demonstrated that POPs can also 
be transferred from one size class to another with varying degrees o f efficiency. In 
Chapter 3.0, higher PCB elimination rates in large (> 2500 g) Lake Ontario lake trout 
were concluded to indicate these individuals were more prey limited than smaller 
individuals and mobilized somatic lipids as an energetic supplement to foraging. 
Between 1978 - 1992, the Lake Ontario alewife forage base experienced substantial 
decreases in size and condition (Rand et al. 1994; O'Gorman et al. 1997) resulting in 
an increased predator-prey size ratio for larger lake trout relative to smaller 
individuals. Thus, not only do these individuals have higher rates of endogenous 
turnover, the efficiency of biological turnover from prey-predator is low for large
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predators in Lake Ontario, a characteristic of inefficient food-webs with high 
potential for chemical biomagnification (Borgmann and Whittle 1983; Mazumder et 
al. 1992).
The use of bioenergetics-based models for understanding PCB accumulation 
in fish has been previously explored (Norstrom et al. 1976; Borgmann and Whittle 
1992; Madenjian et al. 1998). While Borgmann and Whittle (1992) and Madenjian et 
al. (1998) used PCB and other POP concentrations to primarily determine or confirm 
salmonid prey consumption rates, Norstrom et al. (1976) developed a bioenergetics 
model for predicting PCB accumulation by yellow perch over an annual period. The 
majority of PCB accumulation for Ottawa River yellow perch reported by Norstrom 
et al. (1976) occurred during the summer warm-water period coincident with near 
optimal temperatures for bioenergetic functioning in this species. The results of 
Chapter 4.0 and 5.0 demonstrate similarly that the time frame for significant PCB 
elimination to occur in yellow perch is limited to the spring and summer open water 
seasons. Most food-web bioaccumulation models have been parameterized using 
biological and chemical data from species collected during the open water seasons at 
north temperate latitudes or from controlled laboratory studies where animals were 
held at constant, near optimal temperatures (Connolly and Pedersen 1988; Clark et al. 
1990; Gobas 1993; Morrison et al. 1997). Chapters 4.0 and 5.0 demonstrated that the 
water temperature dependence of species bioenergetics and the length of the 
overwinter period are critical for determining the degree of biomagnification in 
aquatic food-webs. For food web-accumulation models predicting temporal trends in 
PCB accumulation for north temperate latitude aquatic systems, knowledge of the
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significance of overwinter temperature cycles on species bioenergetics will be critical 
for the accuracy of these applications.
Seasonal and ontogenetic diet shifts and seasonal lipid cycles have been 
identified as important parameters that could prevent POP concentrations in animals 
from achieving steady state with the prey and ambient environment (de Bruyn and 
Gobas 2006). Ontogenetic diet shifts typically occur with increased body size that is 
accompanied by declines in growth rates as observed for rock bass in Chapter 2.0. 
Increases in rock bass and bluegill sunfish body sizes were critical for the transition 
of PCB accumulation from bioconcentration to biomagnfication kinetics and result in 
these animals becoming further removed from steady state conditions. In a separate 
study (Appendix 1), carbon stable isotope signatures (513C) were used to describe 
habitat and food resource partitioning between the rock bass and bluegill populations 
sampled in Chapter 2.0. Rock bass prefer water temperatures approaching 20°C 
whereas bluegills migrate into warmer, near shore waters tolerating temperatures up 
to 30°C (Coker et al. 2001). The resulting prey preferences and subsequently PCB 
and S15N signatures for these species reflect the habitats selected as warranted by their 
preferred thermal regimes (Paterson et al. 2006). Thus, species bioenergetics 
becomes critical for understanding prey selection and both seasonal and ontogenetic 
diet shifts.
The fugacity trends depicted in Fig. 6.1 are approximately the reciprocal of 
that observed for perch lipid contents over the duration of the experiment (Fig. 5.1b) 
and demonstrate that much of the changes in chemical potential occur due to the 
reliance on lipids as an energetic reserve during the overwinter period. Loss of lipid
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content due to starvation, hibernation (MacDonald et al. 2000), and metamorphosis 
(Leney et al. 2006) have been demonstrated to result in such increases in fugacity. 
More importantly, the lipid trends observed in Chapters 4.0 and 5.0 were generated 
by animals housed under ambient temperature and photoperiod conditions 
representing those experienced by natural populations. Seasonal fluctuations in lipid 
content have been observed for a variety of other freshwater fish species (Madenjian 
et al. 2000; Eckmann 2004), and the fugacity increases observed for yellow perch in 
this study are likely to be experienced by other species populations undergoing such 
large seasonal temperatures cycles. For ecological systems such as aquatic food-webs 
with multiple trophic levels, the additive effect of such fugacity increases from prey- 
predator could significantly contribute to the degree of chemical biomagnification 
observed in large, long-lived apex predators.
6.4 Conclusions
This thesis provides original results investigating the significance of species 
bioenergetics on POP accumulation in freshwater fish. No studies have attempted to 
compare the kinetics of PCB accumulation and 815N signatures in freshwater fish. 
Importantly, this evaluation included young-of-the-year and juvenile rock bass and 
bluegill sunfish age classes, individuals that have been neglected in previous 
investigations of these two ecological markers. The use of PCB elimination kinetics 
to describe specific energetic turnover and conversion efficiencies in lake trout 
populations has also never been achieved. Of particular significance for this study 
was that the kinetics of PCB elimination in lake trout were calculated data collected
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from wild-caught individuals and therefore represent the bioenergetics of a predator 
tracking and capturing prey in its natural environment. This thesis was one of the 
first to evaluate PCB elimination patterns in a poikilothermic species over an annual 
temperature cycle and also to simultaneously study PCB elimination in three size 
classes of a fish species {Perea flavescens). These elimination studies represent the 
culmination of this thesis as the significance of the temperature dependence and 
allometry of species bioenergetics on POP accumulation has yet to be recognized in 
such a manner as accomplished in these studies.
The results of this thesis are significant for understanding the mechanisms and 
processes leading to chemical biomagnification in aquatic species. Previous research 
(eg. Wszolek et al. 1979; Niimi and Oliver 1983; Delorme et al. 1993; de Boer at al. 
1994; Kiriluk et al. 1995) has provided evidence that the assumption of steady state, 
as employed in fish bioaccumulation models (ie. Amot and Gobas 2004; de Bruyn 
and Gobas 2006; Gewurtz et al. 2006), is inaccurate of the actual condition for 
aquatic biota with respect to ambient and dietary concentrations of POPs. As 
demonstrated in chapter 5.0, for larger individuals (>50 g), seasonal temperature 
cycles result in increases in chemical fugacity that will further remove an animal from 
the steady state condition upon successive overwinter events. More importantly, the 
large changes predicted for species bioenergetics in overwinter months are critical for 
understanding the degree of lipid depletion and the resulting increases in chemical 
potential for freshwater biota during coldwater periods. Combined, the results of 
chapters 4.0 and 5.0 demonstrate the need for non-steady state, life-cycle 
bioaccumulation models that specifically address the changes in species energetics
156
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and proximate composition that occur due to allometry and seasonal temperature 
cycles.
The role of species bioenergetics becomes more evident when considering 
global patterns of POP accumulation. The relatively high concentrations of POPs 
measured in Arctic biota have been attributed to cold condensation mechanisms 
(Wania and Mackay 1993). Through long range transport and temperature dependent 
deposition, these pollutants become latitudinally fractionated to a degree that specific 
compounds will preferentially accumulate in polar climates (Wania and Mackay 
1993). PCB concentrations in fish species collected from Arctic regions approach 
those reported for individuals collected from inland lakes in the Great Lakes 
watershed basin (Kidd et al. 1998a, 19986). For Arctic latitude systems, the open 
water season can last from late June to August (McDonald et al. 1996) with the 
ensuing remainder of the year spent at overwinter conditions. Species such as Arctic 
charr (Salvelinus alpinus) are typically < 4% lipid content (Kidd et al. 1998a;
Gewurtz et al. 2006) but experience temperature regulated seasonal cycles in lipid 
content as observed for yellow perch in chapter 5.0 (Jorgenson et al. 2006). With the 
extensive duration of the coldwater, non-growing season at such latitudes, the 
magnitude of the overwinter fugacity increase due to such lipid depletion is predicted 
to be greater than that observed for yellow perch at more southern latitudes. 
Consequently, low background levels of POPs have the potential to biomagnify to the 
levels consistently measured in Arctic lake top predators. Thus, changes in the 
capacity of an organism to accumulate POPs, specifically lipid content, are primary 
for generating the biomagnification of these pollutants in Arctic latitudes. This
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contends that long range transport and deposition acts solely as the source of these 
pollutants. However, depletion of tissue capacity as regulated by the allometry and 
temperature dependence of species bioenergetics provides the mechanism for their 
biomagnification in aquatic species.
Such bioenergetic related changes in tissue capacity pose an important 
consideration for the bioaccumulation of inorganic pollutants such as mercury, lead, 
and cadmium. The bioaccumulation and potential toxicity of such inorganic 
pollutants is mediated by cysteine based metallothionein proteins (Roesijadi 1992). 
Should lean species with limited lipid reserves, such as centrachids, percids and 
Arctic latitude salmonids, require mobilization of protein stores during overwinter 
periods, a similar bioenergetic regulated increase in chemical potential as 
demonstrated for PCBs in this thesis is also expected to be observed. The 
mechanisms of dietary uptake and assimilation for such inorganic compounds are 
substantially different from those for POPs, but the role of species bioenergetics in 
their bioaccumulation is potentially equivalent. Testing such hypotheses will prove 
significant for understanding the role of species bioenergetics and pollutant 
accumulation in the aquatic environment.
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Appendix 1.0 QUANTIFYING RESOURCE PARTITIONING IN 
CENTRARCHIDS WITH STABLE ISOTOPE ANALYSIS
A l.l Introduction
Understanding habitat selection and use in fish species is a time and resource 
intensive venture often requiring the collection of high numbers of individuals and 
various collection methods to distinguish interspecific habitat preferences (Weaver et 
al. 1993). For littoral centrarchids such as sunfish (Lepomis sp.), crappies (Pomoxis 
sp.), rock bass (Ambloplites rupestris), and large- and smallmouth bass (Micropterus 
sp.), spawning periods often overlap (Scott and Crossman 1973) and the resulting 
young-of-the-year (YOY) populations are likely to seek refuge under macrophyte 
cover (Werner et al. 1977; Weaver et al. 1997) with predator avoidance reinforcing 
such selection (Mittelbach 1981; Weaver et al. 1997). Additionally, prey selection, 
especially in small, gape limited individuals is restricted to small invertebrates and 
prey selection may overlap among YOY of such species (Mittelbach and Persson 
1998). With growth in size, these individuals pass through a series of ontogenetic 
niches (Werner and Gilliam 1984) whereby successively larger prey become potential 
forage and habitat selection may change to reflect such preferences (Weaver et al. 
1997). Yearling and older rock bass and smallmouth bass are observed to typically 
select the habitat complexity provided by structures such as boulders and rocky 
outcrops (Weaver et al. 1997) whereas sunfish species tend to remain associated with 
littoral areas of macrophyte cover as they age (Hinch and Collins 1993). Although 
gut content analyses provides insight to foraging activities and potential habitat
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selection, consumed prey only represent a short time frame and potentially only a
limited area of actual habitat selection (Bootsma et al. 1996). Further, the degree of
food assimilation will differ due to the proportion of indigestible material in each of
the diet items and thus the composition of the diet might not reflect the materials
assimilated into tissue growth (Bootsma et al. 1996). The stable isotope of carbon 
13(8 C), however, is advantageous over such traditional methods by not only
representing the assimilated fraction of the diet over an extended time frame, but will
also identify carbon sources not observed in the dietary snapshot provided by gut
contents analysis (Grey et al. 2001).
In freshwater systems, 813C has proven beneficial for discriminating between
two major pathways of carbon production (France 1995). Nearshore, littoral zone
production tends to be 813C enriched relative to open water, pelagic areas due to
carbon cycling from detritus and benthic algae that exhibit less 8I3C discrimination
dining carbon fixation than phytoplankton (Hecky and Hesslein 1995; France 1995).
11The 8 C signatures of pelagic organisms, however, are typically more depleted due
to the isotopically lighter carbon signature of the open water phytoplankton base of
the food web (France 1995). Additionally, deep profundal areas of lakes tend to be
even more 813C depleted presumably due to the fixation of respired carbon dioxide
(Rau 1980). Contradictory to the stable isotope of nitrogen (815N) which becomes
11enriched by approximately 3.4%o per trophic level (Minagawa and Wada 1986), 8 C 
signatures tend to be conserved as assimilated energy is passed along successive 
trophic levels and exhibit an average enrichment of < l%o between prey and predator 
(Vander Zanden and Rasmussen 2001). Thus, consumer 813C signatures should
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provide insight to both feeding history and the primary habitat occupied during 
assimilation of the consumed prey material. For overlapping species such as littoral 
centrarchids, this natural marker should therefore be suitable for interpretation of prey 
and habitat selection behaviours. In this study, gut contents and stable isotope (813C 
and 515N) analyses were completed using multiple age classes of rock bass and 
bluegill sunfish (Lepomis macrochirus) collected from the Detroit River. The 
purpose of this study was to quantify temporal and spatial overlap in resource 
partitioning between multiple age classes of these littoral centrarchid species using 
stable isotope and gut contents analyses.
A1.2 Materials and Methods
Rock bass and bluegill sunfish were collected using a benthic trawl net towed 
behind a research vessel near the confluence of Lake St. Clair and the Detroit River in 
October of 2001. Specimens were wrapped in solvent (hexane) rinsed aluminum foil, 
stored at 4°C and transported to the laboratory for collection of biological data 
including total and fork lengths and individual weights. A duplicate sample of rock 
bass for gut contents analysis were preserved in a 10% formalin solution. For 
bluegills, gut contents were identified from the frozen specimens prior to preparation 
for stable isotope analysis. Entire gut tracts were dissected from formalin preserved 
specimens and contents, where present, were removed. Diet items were identified to 
a family level or genus and species if possible following identification keys outlined 
in Balcer et al. (1984) and Peckarsky et al. (1990).
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Age determination was completed using sagittal otoliths removed from frozen 
individuals and following procedures outlined by the Otolith Research Laboratory, 
Bedford Institute o f Oceanography, Dartmouth, NS, Canada. Difficulty in reading 
otolith annuli for rock bass >4 years old resulted in the estimation of ages for these 
fish using life history tables (Scott and Crossman 1983) and from literature based 
length at age ranges for this species (Putnam et al. 1995).
Al.2.1 Stable Isotope Analysis
With the exception of YOY and 1 year old age classes, whole body 
homogenates were dried at 75°C for 48 hours and ground to a fine powder using a 
glass mortar and pestle (Vander Zanden et al. 2000). Between 0.8 -  1.1 mg of the 
dried powder was added to a 3 x 5.5 mm tin capsule and subsequently folded closed 
and placed in an individually labeled sample tray. For YOY and 1 year old fish, 
pooled samples consisting of at least 3 individuals per sample were prepared as above 
for stable isotope analysis. All sample analyses were completed by the 
Environmental Isotope Laboratory at the University of Waterloo, Waterloo, ON. 
Canada, using a Micromass VG Isochrom continuous-flow stable isotope ratio mass 
spectrometer coupled to a Carlo Erba elemental analyzer. Stable isotope results are 
calculated relative to a reference standard and expressed as delta (8) notation as per 
eq. A.l:
SI5NOr d13C (%o) = [(Rsample/Rstaruiard) - 1] * 1000 (A.l)
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where R = ,5N/I4N  or I3C/I2C. Nitrogen results were standardized against atmospheric 
N2 and carbon against CO2 in PeeDee limestone. International Atomic Energy 
Agency N1 and N2 (ammonium sulfates) and CH6 (sugar) standards were analysed 
every 5 samples during evaluation of biological samples. Precision (2 SD) of these 
internal standards are ±0.3%o and ±0.2%o for nitrogen and carbon, respectively, over 
several years of use. Duplicate analyses were also completed on 15% of the samples 
with variability estimates, reported as the standard error of the estimate, of 0.2%o and 
0.1 %o reported for 815N and S13C results, respectively.
All statistical analyses were completed using SYSTAT version 8.0 for 
windows (Wilkinson 1998). The criterion for significance in all analyses wasp  <
0.05.
A1.3 Results
A total of 211 rock bass and 33 bluegills ranging in mass from approximately
1 - 246 g (4 - 24 cm) and 2 -142 g (5 -18 cm), respectively, were collected (Table 
A.l). Including young of the year (YOY) fish, a total of 6 rock bass and 4 bluegill 
age classes were identified. YOY rock bass were generally omnivorous with prey 
items consisting of small invertebrates including water mites, trichopterans, cyclopoid 
as well as cladoceran zooplankton, amphipods and chironomids (Table A.2).
Roughly 6% of the gut contents consisted of unidentifiable organic and detrital matter 
in these small fish. By the first full year of growth, small cyprinids constituted 
approximately 24% of the rock bass diet and became the dominant forage in all fish >
2 years of age. Crayfish (Decapoda) appendages were first observed in gut tracts of 1
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ITable A .l. Summarized biological and stable isotope data for rock bass (Ambloplites 
rupestris) and bluegill (Lepomis macrochirus) age classes.
Species Age
class
(years)
n Avg.
total
length
(cm)
Avg.
mass
(g)
Avg. lipid 
content
(% wet 
wt.)
Avg.
813C
(°/oo)
Avg.
815N
(% o)
Rock YOY 145 4.7 1.6 1.5 -14.2 10.9
Bass
1 36 8.4 9.1 1.5 -16.2 11.3
2 20 11.4 28.8 2.4 -16.8 11.5
4 5 16.4 97.9 2.0 -16.7 11.8
6 . 3 23.2 211.1 2.1 -14.9 12.9
7 2 23.9 248.2 1.6 -17.7 12.8
Bluegills YOY 23 6.2 4.5 2.8 -13.2 10.3
1 5 10.8 25.2 2.2 -12.3 10.6
3 2 14.5 71.5 3.0 -15.2 10.6
4 3 17.2 113.9 3.0 -16.4 12.1
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Table A.2. Mean dietary data for rock bass (Ambloplites rupestris) and bluegill (Lepomis macrochirus) 
age classes. Values represent the average percent of total prey items enumerated in individual fish gut 
tracts (± 1 standard error).
Prey  Rock Bass
Category YOY 1 2 4 6 7
Hydrachnidia 36.8 (±1.0) 8.4 (±3.0) . _
Cladocera 4.5 (±3.2) - - - - -
Copepoda 2.7 (±4.9) - - - - -
Amphipoda 5.9 (±2.7) 13.2 (±1.9) 3.0 (±3.3) - - -
Trichoptera 44.0 (±0.9) 11.9 (±2.4) 9.1 (±3.3) - - -
Diptera 0.6 (±8.7) 19.7 (±1.8) 3.0 (±3.3) - - -
Cyprinidae - 23.5 (±1.7) 75.8 (±0.6) 100.0 66.7 (±0.3) 66.7 (±0.5)
Decapoda - 0.8 (±4.1) - - 33.3 (±0.6) 33.3 (±1.0)
Detritus/Other 5.6 (±2.9) 22.5 (±1.6) 22.4 (±3.3) - - -
Bluegills
YOY 1 3 4
Amphipoda 28.4 (±1.4) 37.6 (±1.4) _ -
Trichoptera 45.0 (±0.9) 22.3 (±2.3) - 31.0 (±1.7)
Gastropoda 16.1 (±2.4) 6.7 (±7.8) 100.0 69.0 (±0.8)
Pelycypoda - 6.7 (±7.8) - -
Detritus/Other 10.5 (±3.7) 26.7 (±1.9) - -
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year old fish with large (~ 75 mm) individuals constituting approximately 33% of prey 
items for 6 and 7 year old rock bass.
YOY and 1 year old bluegill diets were dominated by gastropod, amphipod, and 
trichopteran prey with the latter two categories combining to total at least half of the diet 
items identified in these age classes (Table A.2). Gastropods were consistently observed 
in the diets of all bluegill age classes and were the only prey item identified in the gut 
tracts of 3 year old fish. Zebra mussels (Pelycypoda) were observed in the gut tracts of 1 
year old fish only, however, approximately one-quarter of the diet for this age class could 
not be classified into a specific prey category. No evidence of prey size selectivity was 
observed with increasing bluegill body size or age.
I ^
8 C results can be influenced by sample lipid content due to fractionation 
occurring during synthesis that results in ,3C depletion of lipid tissues (DeNiro and 
Epstein 1978). Lipid content in rock bass averaged 1.9% of wet weight and 2.7% in 
bluegills (Table A .l). A one-way analysis of variance (ANOVA) did not demonstrate 
any significant differences in lipid content between rock bass (p = 0.575) or bluegill age 
classes (p = 0.131). Additionally, linear regression did not demonstrate any significant 
relationships between lipid content and age, mass, or total length in either rock bass (r2 < 
0.037; p  > 0.345) or bluegills (r2 < 0.077; p  > 0.295). Based on these and published data, 
lipid concentrations of < 3% by weight are not expected to result in stable carbon isotope 
shifts of more than 0.2%o (Kling et al. 1992). A student's f-test demonstrated average lipid 
content in bluegills to be significantly higher than measured in rock bass (p < 0.001).
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Carbon stable isotope signatures (813C) ranged from -12.6%o to -18.5%o in rock 
bass and from -10.8%o to -17.8%o in bluegills (Fig. A .l; Table A .l). Rock bass were on
1 o
average -2%o more 8 C depleted than bluegills with a mean carbon signal of -15.8%o 
compared to a bluegill average o f -13.8%o. A student's Mest demonstrated rock bass S13C 
to be significantly more depleted than bluegill signatures (p = 0.001). A one-way 
analysis of variance and Tukey's multiple comparisons test demonstrated YOY rock bass 
to be significantly S13C enriched relative to all other age classes with the exception of 6 
year old individuals (p = 0.782). The only other significant difference in rock bass 813C 
signatures was determined between the 2 and 6 year old individuals {p = 0.037). For 
bluegills, YOY and 1 year old fish were found to be significantly enriched relative to 3 
and 4 year olds (ANOVA; p  = 0.003), no other significant differences were observed 
between bluegill age class 813C values. Depletion of 813C was negatively correlated with 
body mass in both species, however, this relationship was significant for bluegills only 
(r2 = 0.460; p  = 0.004; Fig. A.2). S13C signatures were also negatively associated with age 
in both species, however, no significant relationships were observed between average 
813C signatures and centrarchid age (Fig. A.3).
A frequency distribution histogram described two distinct distribution modes for 
rock bass and bluegill 813C signatures (Fig. A.4). For rock bass, 32% of the individuals 
sampled had 813C signatures of roughly -16%o but for bluegills, this mode was observed
t  ^
at -12%o with 31% of samples falling in this range. Additionally, a median 8 C value of - 
16.1%o was calculated for rock bass whereas bluegill 813C signatures were centered at - 
13.6%o with a 75th percentile value of -14.9%o. In rock bass, however, this upper 
percentile was determined a t -16.8%o.
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Figure A.l. Average carbon (813C) and nitrogen (8l5N) stable isotope signatures in rock 
bass (Ambloplites rupestris) and bluegill (Lepomis macrochirus) age classes. Rock bass 
age classes are denoted by the open symbols with bluegills indicated by the solid 
symbols. Errors bar for both 813C and 815N indicate ± 1 standard error.
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Figure A.2. (a) Relationships between carbon (813C) and (b) nitrogen (815N) stable 
isotope signatures and centrarchid mass. In both panels the solid and dotted lines 
represent the best fit, least squares regression lines for rock bass (Ambloplites rupestris) 
and bluegills (Lepomis macrochirus) , respectively.
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Figure A.3. (a) Relationships between carbon (S13C) and (b) nitrogen (815N) stable
isotope signatures and centrarchid age. In both panels, the solid and dotted lines 
represent the best fit, least squares regression lines for rock bass (Ambloplites rupestris) 
and bluegills (Lepomis macrochirus), respectively. Error bars indicate ± 1 standard error.
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Figure A.4. Percentage frequency distributions of stable carbon isotope ratios in rock 
bass (Ambloplites rupestris) and bluegills (Lepomis macrochirus) collected from the 
Detroit River.
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The highest average 815N value of 12.9%o was measured in 6 year old rock 
bass with YOY averaging 10.9%o and 7 year old fish similar to the prior year class at 
an average 815N of 12.8%o (Fig. A .l; Table A.l). Significant differences were 
observed (ANOVA; p  = 0.003) in rock bass 815N values between YOY and the 6 and 
7 year old age classes and also between 6 year old fish and 1 and 4 year age classes. 
For bluegills, 815N results ranged from 10.3%o - 12.1%o between YOY and 4 year old 
fish, respectively. 815N values for 4 year old bluegills were also significantly 
different (ANOVA; p  = 0.007) between YOY and 1 year old age classes. A student's 
/-test indicated that rock bass 815N were significantly enriched relative to bluegill 
results (p = 0.003). 815N values were also positively correlated with age for both 
species, however, these relationships were found to be significant for rock bass only 
(Fig. A.3; r2 = 0.747; p  -  0.026).
A1.4 Discussion
Predation and competition are considered important mechanisms regulating 
resource partitioning in ecological systems (Schoener 1974). Which of these 
mechanisms dominates is a function of animal size and trophic position with smaller, 
primary consumers likely more restrained by predation than larger, more predatory 
individuals (Schoener 1974). Cyprinid forage were first observed in rock bass gut 
tracts during the first full year of growth with coincident increases in trophic position, 
as indicated by 815N signatures, occurring up to 6 years of age. As fish become 
piscivorous, a series of ontogenetic niches (Werner and Gilliam 1984) must be passed 
through whereby successively larger invertebrate prey are consumed until sufficient
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body size is reached to consume other fish (Mittelbach and Persson 1998). The 
occurrence of cyprinid prey in the diet of 1 year old individuals indicate rock bass 
grew through such an ontogenetic niche at a smaller body size than bluegills and 
begin to forage on this type of energetically rich prey. This proposes that small rock 
bass must achieve an energetic advantage by utilizing a more valuable food resource 
than bluegills in order to grow through the ontogenetic niche.
YOY centrarchids often tend to school together in dense macrophyte patches
n
(Weaver et al. 1997). 8 C signatures for macrophytes collected from the Detroit 
River/Lake Erie corridor average approximately -10%o (Mazak et al. 1997; Limen et 
al. 2005) with prey items such as gastropods and zebra mussels from this system 
representing the benthic and pelagic 813C ranges at -13%o and -22%o, respectively 
(Mazak et al. 1997). The enriched 813C signatures for these YOY relative to other 
age classes suggest a strong association of foraging within macrophyte beds and on 
food sources with a heavier benthic algal signal. Despite very similar diet 
compositions and trophic positions as indicated by 81SN, however, the average YOY 
rock bass 8 C signature was l%o more depleted than similarly aged bluegills. The 
notable difference between diets for the YOY age class of these fish was the presence 
of a similar proportion of planktonic forage in the YOY rock bass diet and these prey 
commonly have a lighter S13C signal typified by phytoplankton production (Hecky 
and Hesslein 1995; France 1995; del Giorgio and France 1996). The more depleted 
S13C signal of YOY rock bass suggests planktivory is more common than evidenced 
by gut contents analysis and that these individuals may be integrating a range of 
heavier and lighter 813C food sources (Hecky and Hesslein 1995; Bootsma et al.
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1996). Such planktivorous foraging has been observed in bluegills when the risk of 
predation is minimal and open waters can be exploited (Mittelbach 1981).
Centrarchid predators including largemouth bass (Werner et al. 1983), northern pike 
(Paukert and Willis 2003), and muskellunge species (Gillen et al. 1981) will reinforce 
habitat selection of YOY into macrophyte weed beds (Savino and Stein 1982; 
Gotceitas and Golgan 1987) and these piscivores have been collected from the study 
sampling area (Great Lakes Institute for Environmental Research 2003). The 
trichopteran prey identified in both YOY rock bass and bluegill gut tracts are 
indicative of feeding within macrophyte beds (Schramm and Jirka 1989; Keast and 
Fox 1992). However, the occurrence of planktonic prey and a more depleted 813C 
signature for YOY rock bass contend that these individuals are less restrained by 
predation and are able to utilize more energetically efficient open water habitats for 
foraging (Mittelbach 1981).
Trophic level effects have been demonstrated to influence the degree and 
variability of carbon enrichment between predator and prey (Vander Zanden and 
Rasmussen 2001; Post 2002). By 4 years of age, rock bass had S13C and 815N values 
of -16.7%o and 11.8%o, respectively, and a diet consisting solely of cyprinids. 
However, this 815N signature had increased only 0.9%o over that reported for YOY 
individuals in comparison to a depletion of 2.5%o for 8I3C between these rock bass 
age classes. Such a small change in 815N implies only a minor increase in trophic 
status even though a major diet shift has occurred. Further, bluegill 813C became 
2.0%o more depleted between YOY and 3 year olds where essentially no change in 
815N trophic position occurred. Vander Zanden and Rasmussen (2001) estimated that
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trophic level enrichment of carbon between predator and prey for freshwater fish 
averages ~l%o. With little or no change in 81SN trophic positions for these age 
classes of fish, these results indicate that trophic enrichment only weakly contributes 
to the pattern observed in 813C values in this study.
As crayfish and cyprinid forage dominated the diets of older rock bass, 813C
signatures exhibited further depletion with age. Crayfish have been described as
opportunistic omnivores grazing on aquatic macrophytes and consuming a wide
variety of benthic items including algae, detritus and invertebrates (Whitledge and
Rabeni 1997). This type of foraging by crayfish combined with the benthic 813C
signals reported for gastropods (-13%o), macrophytes (-10%o), algae (-7%o) and
detritus (-9%o) from this system will result in crayfish assimilating the isotopic
signature of their diet (Whitledge and Rabeni 1997). If rock bass exhibited high prey
fidelity by feeding solely on crayfish, their carbon signatures would also be expected
to emulate the heavier benthic signal expected of the crayfish diet (Hecky and
Hesslein 1995). A 813C signal of -22%o has been reported for Detroit River zebra
mussels providing an estimate of the phytoplankton 813C signal in this system and
11waterfowl feeding exclusively on this food item assimilate the zebra mussel 8 C 
signal (Mazak et al. 1997). The oldest rock bass, however, had a diet split between 
cyprinid forage and crayfish and a 813C signature o f -17.7%o. Such an intermediate 
carbon signature continues to support the integration of benthic (crayfish) and lighter 
(pelagic cyprinids) I3C food sources in the rock bass diet. Bluegill 813C signatures, 
however, did not exhibit any depletion until 3 years of age and did not reach values 
similar to rock bass until their fourth year. This reveals that younger bluegill age
176
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
classes feed primarily within macrophyte beds for a greater proportion of their life 
history than do rock bass of similar size. Small bluegills (< 100 mm standard length) 
have been observed to avoid pelagic waters due to increased predation risk and are 
less restrained by predation once growth passes this body size (Mittelbach 1981). 
Further, a potentially lower risk of predation and an ability to exploit planktonic prey 
may be an opportunity YOY rock bass require to pass through the ontogenetic niche 
leading to piscivory. More importantly, younger rock bass became piscivorous and 
achieved higher trophic positions than similarly aged bluegills suggesting that 
temporal overlap in resource utilization between these species is minimal due to the 
influence of predation pressure on small individuals.
The distribution of 8,3C signatures in these samples indicates population 
modes separated by -4%o between rock bass and bluegills demonstrating substantially 
different food resources are being utilized by these species. For co-existing 
populations such as these littoral centrarchids, this tendency to consume different 
prey is among the most common example of complementarity described for 
ecological systems (Schoener 1974). Ecological variables including competition and 
specialization are considered to be primary factors influencing such differences in
I I  1 c
feeding behaviour (Bootsma et al. 1996). The 8 C and 8 N signatures for these 
species help describe patterns in habitat selection, prey composition, and predator- 
prey relationships and indicate the latter has an important role in resource partitioning 
between these similar species. In this manner, the use of stable isotopes to describe 
habitat selection and temporal changes in foraging activity provides important insight 
on the relative importance of resource partitioning in species co-habiting
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compartments of aquatic ecosystems.
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